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ABSTRACT 
An experimental  s tudy was conducted t o  i d e n t i f y  t h e  
na tu re  and o r i g i n  of  precursor  ions  produced by photo- 
i o n i z a t i o n  ahead of s t r o n g  shock waves i n  xenon. A 
magnetic mass spectrometer  i s  mounted a t  t h e  end of a 
hydrogen-driven shock tube ,  Ions produced upstream of  a 
shock wave a r e  sampled by t h e  spectrometer  and t h e  col-  
Bected c u r r e n t  provides a  continuous t i m e  h i s t o r y  of a  
p a r t i c u l a r  i o n i c  spec ies .  A mass spectrum is  obtained i n  
t h e  precursor  r eg ion  f o r  a l l  impur i t i e s  found i n  the shock 
tube.  The i n c i d e n t  shock Mach number is  va r i ed  from 11.9 
t o  21.3, t h e  i n i t i a l  p ressu re  is  va r i ed  from 0.050 t o  
6,500 t o r r ,  and t h e  impurity l e v e l  is  a l t e r e d .  I n  a l l  t h e  
condi t ions  s t u d i e d ,  t h e  dominant ion  p resen t  i n  t h e  pre- 
+ 
cursor  i s  Xe , al though i n  c e r t a i n  ins tances ,  t h e  impurity 
ion  c u r r e n t s  a r e  found t o  be  of  t h e  same o rde r  of  magnitude 
a s  t h e  xenon Eon c u r r e n t ,  For smal l  impuri ty  l e v e l s ,  
photo ioniza t ion  processes  i n  xenon and impur i t i e s  a r e  
apparent ly independent. Independent double probe measure- 
l 2  -3 
ments determine t h e  t o t a l  ion  d e n s i t y  t o  be  about 10 em 
a t  t h e  shock f r o n t ,  t h e  observable  precursor  extending 
about 158 em from t h e  shock wave, 
A t h e o r e t i c a l  model accounting f o r  one-step and mlti-  
s t e p  photo ioniza t ion  of xenon and impur i t i e s  is used t o  
f i n d  t h e  i o n i z a t i o n  l e v e l  ahead of a  shock wave. The 
calculated ion density profiles agree well with expeui- 
mental observations at the low pressures, where it appears 
that one-step photoionization predominates. Lack of 
agreement at high pressures, where, apparently, multi-step 
ionization is more efficient than the single-step process, 
suggests inadequacies in the treatment of photoexcitation 
and multi-step photoionization. Additional areas for 
experimental study are suggested, 
The mass spectrometric data yield a better under- 
standing of the role of radiation in shock structure, of 
the kinetics of photoionization processes in rare gases, 
and of the influence sf impurities in the experimental 
facility on the radiation mechanisms, 
PART 




Table of Contents 
List of Figures 
9 .  Introduction 
1.1 Motivation for the Study of Precursors 
1.2 Previous Theoretical and Experimental 
Studies 
B,3 Aim of the Present Experimental Technique 
11. Description of the Experimental Apparatus 
2. B Brief Description of the Shock Tube 
2.2 The Mass Spectrometer 
2.3 The kangmuir Double Probe 
PIX. Experimental Results 
3.1 Measurement of the Total Ion Density of 
the Double Probe 
3.2 Precursor Ionic Products in "Pure" Xenon 
3 , 3  Effect of Impurities on Precursors 
3.3a Naturally-Occurring Impurities 
3.33 Added Empur it ies 
3.3~ Impurities in the Driver Section 
3.4 Experiments in Argon 
HV. Theoretical Results 
4,l One-step Photoionization of Xenon and 
Hmpur ities 
4.2 MuPt i-Step Photoionization of Xenon 







TABLE OF CONTENTS (cont  . ) 
PART TITLE PAGE 
5.1 Photo ioniza t ion  a t  Low and High 
I n i t i a l  Pressures  
5 .2  Precursor  Dependence on Shocked Gas 
Temperature 
5.3 Discussion 
VI. Conclusions 40 
Appendices 
A. The GALCIT 6" Shock Tube 42 
24.1 Descr ip t ion  of  t h e  Basic  Shock-Tube System 42 
A. 2 Operating Conditions and Limi ta t ions  45 
A - 3  Determination of Shock Wave Veloci ty  and 
P o s i t  ion  46 
A.4 Measurement of  I n i t i a l  Pressure  and 
Hmpur i t y  Level 
A.5 Natural  Impur i t i e s  Present  i n  t h e  6" 
Shock Tube 50 
A , &  Pressure  Re l i e f  System f o r  t h e  6"  Shock Tube 5 1  
B. The Mass Spectrometer a s  a Diagnos t ic  Tool 54 
B. 1 Physical  C h a r a c t e r i s t i c s  s f  the  Spectrometer 55 
B - 2  Operating Conditions and L imi ta t ions  of t h e  
Mass Spectrometer 59 
B . 3  Mass Spectrometer C a l i b r a t i o n  62 
@, The Langmuir Double Probe 
@.I The Eangmuir Double Probe a s  a  Diagnos t ic  
Tool 
C.2 Descr ip t idn  of  t h e  Probe and i t s  Applicat ion 
C.3 Measurement of Number Density wi th  a 
Mexican Radio S t a t i o n  
D. Typical  Experimental Procedure 
E. Theory of Photo ioniza t ion  
E.1 I o n i z a t i o n  Ahead s f  a Strong Shock Wave 
E. 2 One-Step Photo ioniza t ion  of Xenon and 
Impur i t i e s  
PART 
TABLE OF CONTENTS (cont . )  
TITLE PAGE 
E.3  Photoexci ta t ion  and Multi-Step Photo- 
i o n i z a t i o n  of Xenon 88 
References 98 
Tables  102 
Figures  
LIST OF FIGURES 
Schematic Diagram of the Apparatus 
GALCIT 6 "  Shock Tube Test Section 
Mass Spectrometer Installation at the End of the 
Shock Tube 
Mass Spectrometer Installation 
Schematic Representation of a Mass Spectrum of 
Impurities in the 6" Shock Tube 
Langmuir Double Probe Schematic 
Probe Ion Current Prof iles Showing the Effect of 
Variation of Impurity Levels 
Probe Ion Current at a Distance of 5 cm as a Function 
of Equilibrium Temperature behind the Shock 
Comparison of Ion Number Density Determined from 
Double Probe Currents and Xenon Ionic Currents 
Obtained from Mass Spectrometric Data for Two 
Different Initial Pressures 
Schematic of Probe-Measured Ion Density and Spec- 
trometer-Collected Ion Currents as a Function of 
Distance from the Shock Wave (Low Pressure) 
Schematic of Probe Measured Ion Density and Spec- 
trometer-Collected Ion Currents as a Function of 
Distance from the Shock Wave (High Pressure) 
Comparison of One-Step Photoionization Theory with 
Maximum Spectrometer Currents for Injection of Molecular 
Oxygen and Nitrogen in Pure Xenon 
Spectrometer OscilPograms Showing Decrease in Xenon 
Current Due to Addition of Large Amounts of Impurities 
Argon Ionic Current Collected by the Spectromet~r 
Simplified Schematic of Xenon Energy Levels and Rates 
Shock Tube Radiation Model in Shock-Fixed Coordinates 
Comparison between Experimental Spectrometer Measure- 
ments and One-Step Photoionization Theory for Low 
Initial Pressure 
LIST OF FIGURES (cont 'd. ) 
18. Comparison between Experimental Spectrometer Measure- 
ments and Theory for High Initial Pressure 
19. Profile Comparison between One-Step Photoionization 
Theory and Double Probe Data as a Function of Tempera- 
ture behind the Shock 
20. Schematic of Piezoelectric Detector 
21. Typical Piezoelectric Crystal and Thin-Film ~esistance 
Gauge Oscillograms 
22. Typical Spectrometer Oscillograms Showing the Method 
of Data Reduction 
23. Typical Double Probe Response Showing Localized 
Perturbation 
24. Double Probe Response Showing EocaPized Perturbation 
with Fast-Rise-Time Circuitry 
25. Shock Tube and Associated Equipment Ground Reference 
26. Detail of Probe Perturbation Showing ModuLations and 
High Frequency Components 
2 7 ,  Comparison of Spectrometer Current Using Semi-Empirical 
Calibration and Probe Current Using Ion Resonance as 
Reference 
I. INTRODUCTION 
The presence of e l ec t r i ca l ly -charged  p a r t i c l e s  i n  t h e  
undisturbed gas ahead of s t rong  shock waves has  r e c e n t l y  
been the s u b j e c t  of  in tense  s tudy;  the i s m s  and e l e c t r o n s  
a r e  c a l l e d  " i o n i z a t i o n  p recurso r s" ,  Such p recurso r s  a r e  
observed i n  experimental  f a c i l i t i e s  genera t ing  s t r o n g  shock 
waves, There e x i s t s  s t rong  experimental  evidence t h a t  the  
i o n i z a t i o n  is  due t o  t h e  propagation of r a d i a n t  energy i n t o  
t h e  region  ahead of t h e  shock, although d i f f i c u l t i e s  a r e  
encountered i n  t h e o r e t i c a l l y  p r e d i c t i n g  t h e  p recurso r  ion- 
i z a t i o n  Bevels due t o  photo ioniza t ion ,  
Motivation f o r  t h e  Study of Precursors  
There i s  no doubt t h a t  a s  shock-wave s t r e n g t h s  in- 
c rease ,  t h e  e f f e c t  of r a d i a t i o n  from t h e  shocked gas must 
be  considered. Large r a d i a n t  f l u x e s  may propagate ahead of 
t h e  shock wave and preheat  sr ion ize  t h e  undisturbed gas.  
Under t h e s e  cond i t ions  t h e  gas  behind the shock f r o n t  l o s e s  
energy and is thereby r a d i a t i v e l y  cooled,  while  t h e  shock 
wave is propagat ing i n t o  an ionized plasma ins tead  of a 
cold gas ,  The r e s u l t  is a modif icat ion of t h e  flow con- 
d i t i o n s  i n  t h e  shocked gas.  
Thus, f o r  s t r o n g  shock waves the precursor becomes a 
p a r t  of t h e  t o t a l  shock s t r u c t u r e ,  and a knowledge of  
precursor  p r o p e r t i e s  is mandatory. A s tudy of precursors  
is desirable n o t  only En understanding t h e  e f f e c t  of 
r a d i a t i o n  k i n e t i c s  on r e a c t i o n s  i n  shock hea ted  flows i n  
experimental  f a c i l i t i e s ,  b u t  because c l o s e l y  r e l a t e d  
e f f e c t s  may occur i n  p r a c t i c a l  hyperveloc i ty  problems such 
a s  spacec ra f t  r e -en t ry  ( s e e  f o r  example, r e fe rence  1). 
The propagation of e lec t romagnet ic  r a d i a t i o n  i n  t h e  
v i c i n i t y  of a  re -ent ry  body would c e r t a i n l y  be a f f e c t e d  by 
t h e  i o n i z a t  ion l e v e l  surrounding it. 
1.2 Previous Experimental and Theore t i ca l  S tud ies  
The f i r s t  manned o r b i t a l  re -ent ry  by t h e  MA-6 Mercury 
capsule  i n  1962 of fered  a p o s s i b l e  observat ion  sf precur- 
s o r s  i n  t h e  leading  edge rada r  echoes,  Apparently t h e  
u l t r a v i o l e t  r a d i a t i o n  from t h e  high temperature region  
behind t h e  bow shock wave of t h e  blunt-nosed body ionized 
t h e  cold gas  ahead s u f f i c i e n t l y  t o  r e f l e c t  r ada r  s i g n a l s  
from t h e  ground, The precursor  i o n i z a t i o n  Bevel was suf- 
f i c i e n t  t o  r e t u r n  rada r  echoes a t  a l t i t u d e s  f a r  i n  excess  
sf where t h e  phys ica l  dimensions of  t h e  capsule  would have 
re turned  them. Lin,  e t .  a l .  (Ref, 21, c a l c u l a t e d  t h e  
e l e c t r o n  number d e n s i t y  from photo ioniza t ion  t o  be - 
7 10 emw3 a t  a  mean r a d i a l  d i s t a n c e  of 18  meters from t h e  
bow shock. This  phenomena was observed a t  an a l t i t u d e  o f  
220,000 f e e t  (p ressu re  - 8.100 tsrr) wi th  a  capsule  
v e l o c i t y  of 7 x  l o 5  em/sec (Ms -- 25).  
Precursors  experimental ly  s tud ied  i n  convent ional  
pressure-driven shock tubes  have been a t t r i b u t e d  t o  t h r e e  
p o s s i b l e  mechanisms: 1) photoemission from t h e  shock tube 
w a l l s  and ins t rumenta t ion  2 )  d i f f u s i o n  of  charged p a r t i c l e s  
from t h e  h o t  r eg ion  behind t h e  shock 3)  photoioniza t ion  by 
s t rong  r a d i a t i o n  from behind t h e  shock wave, Severa l  
experimental  s t u d i e s  i n  argon and xenon a t  high Mach numbers 
were conducted i n  va r ious  shock tube f a c i l i t i e s  and d i f f e r -  
ing r e s u l t s  were obta ined .  Hollyer  (Ref. 3) i nves t iga ted  
t h e  e f f e c t  with b iased  probes and concluded t h a t  photo- 
emission and impurity l e v e l  were very important,  In some 
of t h e  experiments,  he found both  ions  and e l e c t r o n s  p resen t  
ahead of t h e  shock, Groenig (Ref. 41, using  a spark  d i s -  
charge probe, and Weymann (Refs. 5 , 6 )  using  p o t e n t i a l  
probes,  e l e c t r o s t a t i c  probes,  and induct ion  c o i l s ,  found 
t h a t  e l -ectron df f f u s i o n  from behind t h e  shock was t h e  
dominant mechanism. Gloersen (Ref. 7 ) ,  us ing  p o t e n t i a l  
probes,  found a11 t h r e e  mechanisms p resen t  and determined 
t h a t  t h e  in t roduc t ion  of impur i t i e s  caused i n c o n s i s t a n t  
r e s u l t s ,  
More r e c e n t l y ,  Holmes (Ref. 8) us ing  c o l l e e t i n g ' p r o b e s  
and p o t e n t i a l  probes,  found equal  e l e c t r o n  and ion d e n s i t y  
p r o f i l e s  ahead of  t h e  shock wave, implying t h e  predominance 
of photo ioniza t ion .  Using argon (2-90 t o r r )  a s  t h e  t e s t  
gas  and a  Mach number range of 9-11, he found ion number 
d e n s i t i e s  up t o  10 I2 a t  t h e  shock f r o n t .  Measurable 
i o n i z a t i o n  l e v e l s  w e r e  found up t o  160 c m  i n  f r o n t  of  t h e  
shock. 
Lederman and Wilson (Refs.  9 ,  l o )  conducted high Mach 
number experiments i n  argon i n  a smal l  diameter  shock tube,  
us ing  tuned microwave c a v i t i e s .  For s i m i l a r  cond i t ions ,  
t h e i r  measured precursor  i o n i z a t i o n  l e v e l s  were lower than 
Holmes ' , implying t h a t  shock tube geometry may be important.  
Using f i r s t  a b i a s e d  e l e c t r o s t a t i c  g r i d  t o  conta in  d i f f u -  
s i n g  e l e c t r o n s  and then an opaque r a d i a t i o n  block with 
ob l ique ly  d r i l l e d  ho les  t o  al low d i f f u s i o n ,  they concluded 
t h a t  a t  l e a s t  f o r  t h e i r  condi t ions ,  photo ioniza t ion  was t h e  
major cause of  precursor  i o n i z a t i o n .  They found t h a t  t h e  
i n j e c t i o n  of r a t h e r  l a r g e  amounts of hydrogen a s  an impurity 
apprec iably  changed t h e  precursor  c h a r a c t e r i s t i c s ,  
Precursors  i n  electromagnet ic  shock tubes  have been 
observed and repor ted  i n  t h e  l i t e r a t u r e .  These shock tubes  
have l a r g e  amounts of r a d i a t i o n  and induced e lec t romagnet ic  
e f f e c t s  emanating from t h e  i n i t i a l  e l e c t r i c a l  d ischarge .  
A s tudy us ing  a combustion-driven shock tube (Ref, 11) 
repor ted  spur ious  s i g n a l s  dur ing  i g n i t i o n  sf t h e  d r i v e r .  
The r e s u l t s  of  t h e s e  experiments were excluded from con- 
s i d e r a t i o n  h e r e  due t o  t h e  shock tube d r i v e r  technique 
f u r t h e r  complicating measurements of t h e  precursor  
phenomena. 
O f  t h e  t h r e e  poss ib le  mechanisms f o r  t h e  explanat ion  
of  i o n i z a t i o n  ahead of shock waves, i . e . ,  e l e c t r o n  d i f -  
fus ion ,  photo ioniza t ion ,  and photoemission, t h e  f i r s t  two 
have received cons iderable  t h e o r e t i c a l  a t t e n t i o n .  Severa l  
ana lyses  (Refs. 12,  13,  14) of  t h e  e l e c t r o n  d i f f u s i o n  model 
have been made, us ing  d i f f e r e n t  e l e c t r i c  f i e l d  d i s t r i b u t i o n s  
i n  t h e  shock wave (due t o  charge separa t ion)  and va r ious  
models f o r  e l e c t r o n  product ion.  A 1 1  i n v e s t i g a t i o n s  men- 
t ioned t h e  s t r o n g  i n h i b i t i n g  e l e c t r i c  f i e l d  a r i s i n g  from 
t h e  f a s t  d i f f u s i o n  o f  e l e c t r o n s  away from t h e  l e s s  mobile 
ions  ( r a t i o  o f  d i f f u s i o n  c o e f f i c i e n t s  f o r  e l e c t r o n s  and 
i o n s  is inverse ly  p ropor t iona l  t o  t h e  square r o o t  of  t h e i r  
mass r a t i o ) .  The genera l  conclusion was t h a t  e l e c t r o n  
d i f f u s i o n  may be  neglected f o r  d i s t a n c e s  g r e a t e r  than  one 
Debye l eng th  ahead s f  t h e  shock wave, an i n s i g n i f i c a n t  
d i s t a n c e  i n  comparison wi th  experimental  observa t ions .  
F e r r a r i  and Clarke (Ref, 15) t h e o r e t i c a l P y  t r e a t e d  t h e  
photo ioniza t ion  problem. Assuming one-step photo ioniza t ion  
a s  t h e  dominant mechanism, t h e i r  r e s u l t s  showed almost 
n e g l i g i b l e  i o n i z a t i o n  i n  comparison t o  t h e  experimental  
observa t ions  i n  argon. 
Wetzel (Ref. 13) found t h a t  r a d i a t i o n  of  s u f f i c i e n t  
energy t o  photoionize argon from t h e  atomic ground s t a t e  
decayed much t o o  r a p i d l y  t o  exp la in  t h e  observed ioniza-  
t i o n  p r o f i l e s .  HoSmes (Ref. 8) has  suggested t h a t  r a d i a t i o n  
processes  involving one o r  more absorpt ion  s t e p s  t o  
populate  h igher  exc i t ed  s t a t e s  p r i o r  t o  photo ioniza t ion  may 
s i g n i f i c a n t l y  inc rease  t h e  precursor  l e v e l s  p red ic ted  by 
theory.  Murty (Ref. E6), Biberman and VekSenko (Ref. 17), 
and most recently Dobbins (Ref. 18) have studied the role 
of line radiation and "radiation trapping" in ionization 
processes ahead of strong shock waves. Their results also 
failed to predict the observed ionization levels. 
Dobbins gave specific consideration to shock tube 
geometry and the physical characteristics of the problem 
(e.g., length of the radiating volume of shocked gas, 
reflection of the shock tube walls, ete.) This aspect 
of his work was especially important in view of the fact 
that most of the previous theoretical investigations 
assumed a one-dimensional model. In all sf the experimental 
work reported, the shock tube diameter was less than two 
inches. Correlating a theoretical radiation model with a 
small geometry was very difficult. Dobbinss axially- 
symmetric treatment is relevant in the present experiment 
since the shock tube radius is much larger than those used 
in previous studies and in the present work a discontin- 
uous change of diameter occurs in the shock tube (see 
Appendix B. l) . 
Appleton (Ref, 14) and Wilson and Lin (Ref, 19) found 
that photoionization of small amounts of impurities present 
in a shock tube might explain the magnitude of ionization 
experimentally observed, The lower number densities and 
smaller photoionization cross sections of various impurity 
gases suggested longer mean free paths than those in argon, 
s o  t h e  decay r a t e  of t h e  e l e c t r o n  and ion p r o f i l e s  f o r  one- 
s t e p  photo ioniza t ion  is  not  l a r g e  i n  some cases .  
The d i a g n o s t i c s  used i n  a l l  s f  t h e  previous s t u d i e s  
were such t h a t  only t h e  t o t a l  e l e c t r o n  d e n s i t y  o r  c u r r e n t  
and t h e  t o t a l  ion d e n s i t y  could be observed. I n s i g h t  i n t o  
t h e  b a s i c  experimental  problem could not  be gained u n t i l  
t h e  r e l a t i v e  magnitudes of  t h e  independent parameters,  
such a s  impuri ty  l e v e l ,  could be i s o l a t e d  and s t u d i e d  
s e p a r a t e l y .  The main conclusions t h a t  may be drawn from 
t h e  l i t e r a t u r e  were t h a t  f o r  t h e  case  of s t rong  ( i . e . ,  
Ms > 10) shock waves, t h e  precursor  was dominated by photo- 
i o n i z a t i o n ,  and t h a t  t h e  impuri ty  l e v e l  was of extreme 
importance. Of t h e  t h e o r e t i c a l  ana lyses  t h a t  have been 
made, a l l  p red ic ted  i o n i z a t i o n a l  l e v e l s  o rde r s  of magnitude 
lower than t h e  p e r t i n e n t  experimental  r e s u l t s .  
1.3 A i m  and Methods of t h e  Present  Experiments 
I n  e a r l i e r  s t u d i e s ,  convent ional  probe and microwave 
d i a g n o s t i c s  produced d i f f e r i n g  r e s u l t s  depending on t h e  
experimental  f a c i l i t y  used, implying t h a t  the observat ions  
may be impurity dominated. These s t u d i e s  emphasized t h e  
complexity of observing t h e  precursor  phenomena, and some- 
t imes made it doubt fu l  a s  t o  what was be ing  s t u d i e d ,  
photo ioniza t ion  of  a  pure,  noble gas ,  photo ioniza t ion  of 
impurity gases ,  o r  some combination of both.  The presence 
of impur i t i e s  a r e  a consequence of  t h e  i n t e r f e r e n c e s  of 
t h e  experimental  f a c i l i t y .  
I t  is w e l l  known t h a t  i m p u r i t i e s  can apprec iably  a l t e r  
and sometimes dominate t h e  shock-wave c h a r a c t e r  ist ies , 
such a s  r e l a x a t i o n  t ime, i n  a shock tube ( f o r  example s e e  
r e fe rences  20 and 21) .  The c o n f l i c t i n g  experimental  d a t a  
and t h e  f a c t  t h a t  Some impurity gases  have longer  r a d i a t i o n  
mean f r e e  pa ths  than  t h e  noble gases  emphasizes t h e  impor- 
tance  of s tudying  t h e  r o l e  of shock-tube i m p u r i t i e s  i n  t h e  
precursor .  Since photo ioniza t ion  has t h e  proper ty  of 
producing f r e e  ions  a t  l a r g e  d i s t a n c e s  from t h e  shock wave, 
and i d e n t i f i c a t i o n  of t h e s e  ions would g ive  i n s i g h t  a s  t o  
t h e  na ture  and o r i g i n  of t h e  precursor  i o n i z a t i o n ,  a mass 
spectrometer is used t o  examine t h e  precursor  r eg ion ,  This 
d i a g n o s t i c  t o o l  allows an uncoupPing or s e p a r a t i o n  of t h e  
mechanisms inf luencing  shock s t r u c t u r e  i n  t h e  "pure" t e s t  
gas  from t h e  e f f e c t  of var ious  fo re ign  gases  i n  t h e  , t e s t  
f a c i l i t y  i t s e l f .  Ind iv idua l  e f f e c t s ,  s p e c i e s  by s p e c i e s  a re ,  
examined and i n  t h i s  manner t h e  t o t a l  e f f e c t  is  deduced. 
A schematic of t h e  appara tus  is  shown i n  f i g u r e  1- 
The GALCIT* 6" shock tube i s  used t o  reproducibly genera te  
s t r o n g  normal shock waves. A magnetic mass spectrometer  
is  mounted on t h e  shock tube end w a l l ,  sampling ions  from 
a region  on t h e  a x i s  of t h e  shock tube ,  Ions  produced 
*Graduate Aeronaut ical  Labora tor ies ,  C a l i f o r n i a  I n s t i t u t e  
of  Technology 
upstream of t h e  approaching shock wave a r e  sampled by t h e  
spectrometer and t h e  c o l l e c t e d  c u r r e n t  provides a  cont in-  
uous time h i s t o r y  of a p a r t i c u l a r  i o n i c  spec ies .  Assuming 
a  cons tan t  shock v e l o c i t y  Us i n  t h e  observat ion  time t , 
t h e  c u r r e n t  h i s t o r y  becomes a  s p a t i a l  p r o f i l e  of ion 
dens i ty  ahead of t h e  shock wave through t h e  t ransformat ion  
x = U s t  . A complete mass spectrum i s  obtained by dupl i-  
c a t i n g  runs wi th  t h e  spectrometer  s e t  a t  d i f f e r e n t  mass 
peaks,  Dominant impur i t i e s  i n  t h e  shock tube a r e  determined 
and t h e  r e l a t i v e  abundance of t h e  ind iv idua l  ions  a r e  sur- 
veyed under a  v a r i e t y  s f  t e s t  cond i t ions ,  The inc iden t  
shock Mach number is  va r i ed  from 82 t o  21, t h e  i n i t i a l  
p ressu re  is va r i ed  from 0.058 t o  0,508 t o r r ,  and t h e  
impurity l e v e l  is a l t e r e d .  To ob ta in  a q u a n t i t a t i v e  
e s t ima te  of  t h e  i o n i z a t i o n  Bevels and t o  check t h e  o v e r a l l  
r e p e a t a b i l i t y  of t h e  shock cond i t ions ,  an e l e c t r o s t a t i c  
ion c o l l e c t i n g  probe is used, 
A t h e o r e t i c a l  model of  t h e  r a d i a t i o n  processes  is 
compared with t h e  experimental  r e s u l t s ,  The geometry of 
t h e  l a r g e  r a d i u s  shock tube used i n  t h e  p resen t  inves t i -  
g a t i o n  should be  more app l i cab le  t o  t rea tment  by t h e o r e t i c a l  
cons ide ra t ions  s i n c e  it is d i f f i c u l t  t o  e s t a b l i s h  a  c o r r e c t  
r a d i a t i o n  model f o r  t h e  shocked gas i n  a c o n s t r i c t e d  
geometry such a s  a small  r a d i u s  shock tube. Gaining 
i n s i g h t  from t h e  experimentally-determined behavior of  t h e  
most fundamental property of the precursor, i.e., the 
relative abundance of its constituents, the experimental 
conclusions may be used to locate aspects of the theory 
that are incomplete and to determine the accuracy sf 
theoretical assumptions. Identification of the correlation 
between theory and experiment leads to the prediction of 
the relative importance sf precursors in the rest of the 
shock structure and to appropriate aims for further study. 
11. DESCRIPTION OF THE EXPERIMENTAL APPARATUS 
2.1 Br ie f  Descr ip t ion  of t h e  Shock Tube 
The experiments were performed i n  t h e  GAECIT 6'" 
diameter  shock tube ( see  f i g u r e s  1, 2 ) .  A more complete 
d e s c r i p t i o n  of  which is given i n  Appendix A and r e f e r e n c e  
22. The e s s e n t i a l  advantages of  t h i s  shock tube f o r  t h e  
p resen t  i n v e s t i g a t i o n  are :  a )  i ts  low leak  r a t e  and 
evacuat ion c a p a b i l i t i e s  which permit t h e  impurity Bevels 
i n  t h e  t e s t  gas  t o  be  c o n t r o l l e d ,  b )  i t s  unique diaphragm- 
opening mechanism, t h e  use  of which r e s u l t s  i n  reproduct ion 
of  shock s t r e n g t h  t o  a n  accuracy of +l%, and c) its 
previously determined c h a r a c t e r i s t i c s  (e .g . ,  i o n i z a t i o n a l  
equi l ibr ium r e l a x a t i o n  t imes)  f o r  use i n  t h e o r e t i c a l  
c a l c u l a t i o n s  ( s e e  r e fe rence  2 3 ) .  
The s t a i n l e s s  s t e e l  tube c o n s i s t s  of a  6"  P.D., l o w  
p ressu re  t e s t  s e c t i o n ,  37"ong and honed i n t e r n a l l y  to a  
mir ror  f i n i s h ,  and a  6-5" I . D ,  d r i v e r  s e c t i o n ,  6 .5 '  long. 
In t h e  p resen t  i n v e s t i g a t i o n ,  room temperature hydrogen o r  
helium is used a s  t h e  d r i v e r  gas  t o  produce inc iden t  shock 
Mach numbers ranging from 11.9 t o  21.3 i n  xenon ( a  l i m i t e d  
number of experiments were a l s o  conducted i n  a rgon) .  The 
i n i t i a l  pressure  of xenon is va r i ed  from 8.85 t o  8.5 t o r r .  
The high Mach numbers which can be a t t a i n e d  i n  xenon, 
due t o  i ts  low speed o f  sound, toge the r  wi th  xenon's lower 
i o n i z a t i o n  p o t e n t i a l ,  r e s u l t s  i n  much h igher  degrees o f  

The inc iden t  shock v e l o c i t y  and p o s i t i o n  a r e  d e t e r -  
mined t o  21% by observing t h e  responses of two platinum 
' I  
t h i n  f i l m  h e a t  t r a n s f e r  gauges and an e l e c t r o s t a t i c a l l y -  
sh ie lded  p i e z o e l e c t r i c  c r y s t a l  mounted ad jacen t  t o  t h e  
mass spec t rometers  
With t h e  mass spectrometer  ion source connected 
d i r e c t l y  t o  t h e  shock tube  t e s t  s e c t i o n ,  t h e  abundance of 
" n a t u r a l l y  occurr ing"  (due t o  l e a k s  and out-gassing) 
impur i t i e s  i s  determined, The predominant impur i t i e s  
a r e  N2# 5 0 ,  O Z Y  and s e v e r a l  groups sf organic  
compounds, i n  decreas ing  abundanee. 
2 .2  The Mass Spectrometer 
A modified Nier-type magnetic mass spectrometer* is  
mounted on t h e  end w a l l  of  t h e  shock tube ( see  f i g u r e s  3 ,  
4 ) -  Ions produced by photo ioniza t ion  i n  f r o n t  of  an 
approaching shock wave a r e  sampled through small  o r  i f  i c e s  
i n  t h e  end w a l l  and t h e  measured c u r r e n t s  provide a 
continuous time h i s t o r y  of a p a r t i c u l a r  ion with micro- 
second r e s o l u t i o n ,  i . e . ,  t h e  ion abundance a s  a funct ion  
sf d i s t a n c e  from t h e  shock wave, High mass r e s o l u t i o n  
and extremely f a s t  time-response a r e  obtained by observing 
t h e  time h i s t o r y  f o r  only one mass peak dur ing  each run. 
*A more complete d e s c r i p t i o n  of  t h e  mass spectrometer and 
i t s  a p p l i c a t i o n  i s  given i n  Appendix B and re fe rence  20. 
On t h e  o t h e r  hand, s e v e r a l  runs  a r e  r equ i red  t o  o b t a i n  t h e  
complete spectrum, making d u p l i c a t i o n  of experimental  
cond i t ions  very important.  The mass r e s o l v i n g  power of 
t h e  spectrometer  is v a r i a b l e  from l i n  10 t o  l i n  200, and 
ion d e n s i t i e s  g r e a t e r  than lo9  cm-3 i n  t h e  shock tube can 
b e  de tec ted .  
I n  t h e  p resen t  shock tube  experiments,  t h e  impurity 
l e v e l s ,  t h e  i n i t i a l  p ressu re  and t h e  Mach nunibers a r e  
sys temat ica l ly  a l t e r e d .  The r e l a t i v e  abundance of individ-  
u a l  ions  i n  t h e  precursor  reg ion  of t h e  shock wave a r e  
surveyed under a  v a r i e t y  of t e s t  condi t ions .  By determining 
t h e  e f f i c i e n c y  of t h e  sampling process ,  a  c a l i b r a t i o n  
cons tant  i s  obtained f o r  t h e  spectrometer ,  r e l a t i n g  t h e  
c o l l e c t e d  ion  c u r r e n t  with a p a r t i c u l a r  ion number d e n s i t y  
i n  t h e  shock tube  dur ing  an experiment, 
An e x t e r n a l  ion  source which is  used t o  set t h e  
p a r t i c u l a r  mass number peak be fo re  each run ( see  Appendix ID) 
a l s o  determines t h e  dominant impur i t i e s  i n  t h e  shock tube.  
( see  f i g u r e  5 ) .  The spectrum scan is obtained by cont in-  
uously a l t e r i n g  t h e  spectrometer magnetic f i e l d  s t r e n g t h  
while  observing t h e  c o l l e c t e d  i o n i c  c u r r e n t .  
2.3 The kanqmuir Double Probe 
To ob ta in  a  q u a n t i t a t i v e  e s t ima te  of the i o n i z a t i o n  
l e v e l s ,  an e l e c t r o s t a t i c  double probe ( s e e  Appendix @) 
which f l o a t s  a t  plasma p o t e n t i a l  i s  b iased  a t  a  p o t e n t i a l  
d i f f e r e n c e  which assu res  pos i t ive- ion-current  s a t u r a t i o n  
( see  f i g u r e  6 ) .  The probe system c o n s i s t s  o f  two wi res  
extending i n t o  t h e  t e s t  s e c t i o n  i n  a  p lane  perpendicular  
t o  t h e  a x i s  of t h e  shock tube.  Assuming t h a t  t h e  i o n i c  
c u r r e n t  f a l l i n g  on t h e  probe i s  c h a r a c t e r i s t i c  of  t h e  
random thermal motion i n  t h e  gas  ahead of  t h e  shock wave, 
t h e  c u r r e n t  i n  t h e  nega t ive ly  b iased  probe is d i r e c t l y  
r e l a t e d  t o  t h e  ion  d e n s i t y  i n  t h e  t e s t  sec t ion .  The 
i n i t i a l  test p ressu res  i n  t h e  p resen t  experiments a r e  
such t h a t  t h e  c r i t e r i o n  f o r  t h e  f r e e  molecular flow model 
of t h e  probe c u r r e n t  co8l.ection should be reasonably w e l l  
s a t i s f i e d ,  The mass of t h e  predominant ion colPected by 
t h e  probe i s  determined by t h e  mass spectrometer ,  
Observation of t h e  t o t a l  ion  c u r r e n t  c o l l e c t e d  dur ing  
each run assu res  r e p e a t a b i l i t y  of precursor  i o n i z a t i o n  
l e v e l s  while  t h e  ind iv idua l  c u r r e n t s  a r e  c o l l e c t e d  by t h e  
spectrometer.  The double probe is  used t o  monitor t h e  
precursor  i o n i z a t i o n  i n  d i f f e r e n t  reg ions  o f  t h e  shock tube 
a s  we l l  a s  i n  t h e  spectrometer  sampling p o s i t i o n ,  Probe 
o r i e n t a t i o n  is va r i ed  t o  determine t h e  e f f e c t  of photo- 
emission from t h e  probe s u r f a c e  ( see  Appendix C.2). Under 
p a r t i c u l a r  opera t ing  condi t ions ,  an i n t e r e s t i n g  resonance 
phenomenon i s  observed, which l e a d s  t o  a f u r t h e r  independent 
determinat ion of  number d e n s i t y .  This  e f f e c t  is descr ibed  
i .  
i n  d e t a i l  i n  Appendix C.3. 
111. EXPERIMENTAL RESULTS 
The precursor  i o n i z a t i o n  l e v e l s  a r e  s u f f i c i e n t l y  high 
t o  provide measurable spectrometer  ion c u r r e n t s  i n  "pure" 
xenon. The r e l a t i v e  abundance i n  t h e  precursor  of  t h e  
i n d i v i d u a l  shock-tube impur i t i e s  under a v a r i e t y  of  t e s t  
cond i t ions  is determined, 
Examination of  t h e  experimental  d a t a  shows t h a t  
i n s i g h t  i n t o  t h e  fundamental problem may be  gained by 
comparing two precursor  p r o f i l e s  t h a t  exemplify c o n t r a s t i n g  
f e a t u r e s .  The precursor  d a t a  may be grouped i n t o  Bow and 
high-pressure regimes. 
The g r o s s  f e a t u r e s  of t h e  precursor  w i l l  be  q u a l i t a -  
t i v e l y  descr ibed  f i r s t ,  Then t h e  mass spec t romet r i c  
r e s u l t s  f o r  the two p ressure  d i v i s i o n s  w i l l  be  given,  
followed by a d i scuss ion  sf t h e  r o l e  of impur i t i e s  on 
precursors .  The abundance of impur i t i e s  i n  t h e  p resen t  
s e c t i o n  a r e  determined by %he p a r t i a l  p ressu re  of  
"na tura l ly-occurr ing"  fo re ign  gases ,  u n l e s s  otherwise 
noted.  
3.3. Measurement of  t h e  To ta l  Ion Density with t h e  
Double Probe 
During each run ,  a measurement o f  t h e  t o t a l  ion  
d e n s i t y  is made concurrent ly  with t h e  spectrometer measure- 
ment. I n  t h i s  manner t h e  r e p e a t a b i l i t y  s f  t h e  precursor  
c h a r a c t e r i s t i c s  could be  checked from r u n  t o  run  while  t h e  
spectrometer  samples s e p a r a t e  mass peaks. I n  genera l ,  
if a s t r i c t  procedure is Eollowed f o r  a s e r i e s  of runs ,  
t h e  t o t a l  ion  d e n s i t y  measurements a r e  q u i t e  reproducible .  
The double probe is u s e f u l  f o r  e x h i b i t i n g  t h e  g r o s s  be- 
havior  of  t h e  precursor  because wi th  t h e  spectrometer  t h i s  
would r e q u i r e  s e v e r a l  measurements. 
Typical  probe ion  c u r r e n t s  observed dur ing  experiments 
t o  demonstrate t h e  e f f e c t  of t h e  i n j e c t i o n  of i m p u r i t i e s  
a r e  shown i n  f i g u r e  7.  Changing t h e  impuri ty  l e v e l s  
r e s u l t s  i n  small  v a r i a t i o n s  a s  compared t o  t h e  t o t a l  ion  
c u r r e n t s  c o l l e c t e d .  A t  impuri ty  PevePs g r e a t e r  than  about 
1%, t h e  precursor  c h a r a c t e r i s t i c s  show d i s t i n c t  a l t e r a t i o n s ,  
such a s  a complete Pack of  precursor ;  thus  impurity con- 
c e n t r a t i o n s  above t h i s  Bevel a r e  no t  considered ( s e e  
p a r t  3,3). 
The probe is a l s o  used t o  determine t h e  dependence on 
p a r t i c u l a r  parameters i n  t h e  experiments,  It is not  
apparent  what choice of independent parameters b e s t  
e x h i b i t s  t h e  na tu re  s f  t h e  precursor .  The two major 
f a c t o r s  t h a t  must be considered a r e  i n i t i a l  p ressu re ,  i . e . ,  
n e u t r a l  atom number d e n s i t y  i n  t h e  cold gas ,  and shock 
wave Mach number. The f i r s t  determines t h e  photon mean 
f r e e  path i n  t h e  absorbing gas ,  and ' t he  second p r imar i ly  
determines t h e  temperature i n  t h e  equi l ibr ium zone and 
hence, t h e  r a d i a n t  energy a v a i l a b l e  f o r  photo ioniza t ion .  
Holding t h e  Mach number cons tan t  and varying t h e  i n i t i a l  
p ressu re  w i l l  no t  merely change t h e  r a d i a t i o n  mean f r e e  
pa th  s i n c e  v a r i a t i o n  of p ressu re  a l s o  changes t h e  equ i l ib -  
rium temperature.  Keeping t h e  i n i t i a l  p ressu re  cons tan t  
and varying t h e  Mach number, on t h e  o t h e r  hand, should 
show t h e  dependence of  t h e  precursor  on t h e  equ i l ib r ium 
temperature of t h e  shocked gas.  F igure  8 shows a  
semilogari thmic p l o t  of  t h e  probe ion c u r r e n t ,  a t  a  
d i s t a n c e  of 5 c m  from t h e  shock wave, ve r sus  t h e  equi f ib-  
rium temperature,  A comparison wiff  be made i n  P a r t  5.2 
between t h i s  p l o t  and a t h e o r e t i c a l  c a l c u l a t i o n  of  one- 
s t e p  photo ioniza t ion .  
3.2 Precursor  I o n i c  Products i n  "Pure" Xenon 
The va r ious  i o n i c  products  produced by photo ioniza t ion  
ahead of s t rong  shock waves i n  "pure" xenon, inc luding  
impur i t i e s  introduced by t h e  experimental  f a c i l i t y ,  a r e  
measured wi th  t h e  mass spectrometer.  A l a r g e  nuniber of 
d i f f e r e n t  ions  a r e  observed. with ~ e '  ions  predominating 
under a l l  condi t ions .  
The parameter which produces t h e  l a r g e s t  v a r i a t i o n  
i n  t h e  precursor  behavior is  t h e  i n i t i a l  p ressu re  of  xenon. 
A s  t h e  i n i t i a l  p ressu re  inc reases ,  t h e  c h a r a c t e r i s t i c s  of 
t h e  precursor  change s u b s t a n t i a l l y .  The spec t rometr ica l ly-  
obtained xenon ion c u r r e n t s  f o r  i n i t i a l  p ressu res  o f  0.120 
and 0.500 t o r r  a r e  presented schemat ica l ly  i n  f i g u r e  9. 
For comparison, the ion density profiles (dashed lines) 
determined from the double probe currents are shown for 
the same conditions. The probe current tends to follow 
the xenon ion current for both cases. The impurity levels 
refer to the abundance of "naturally-occurring" impurities, 
i.e., impurities resulting from test section leak and out- 
gassing. 
In general, at low initial pressures (P, -- 0.100 
torr) as the Mach number and shocked gas equilibrium 
temperature increase, so does the impurity ionization, 
Below Mach numbers Ms -- 13 , all impurity currents are 
below the sensitivity limit sf the spectrometer. The 
higher the initial pressure of xenon, the greater the ratio 
of xenon to impurity ionic currents, implying that the 
contributions to the precursor of the individual species 
are uncoupled and proportional to their partial pressures. 
< 
The use sf the mass spectrometer in the present application 
then allows measurements to be made of impurity effects and 
-
of photoionization in the xenon. 
The results of a series of runs at a particular 
impurity level are shown in figure PO. The solid lines are 
the ion currents collected by the mass spectrometer. The 
dashed line is again the total ion numb& density as 
measured by the double probe. The conditions considered 
in rigure 10 are in the low pressure range where impurity 
i o n i z a t i o n  is of t h e  same o rde r  of magnitude a s  t h e  xenon 
i o n i z a t i o n .  The group of ions  with mass numbers 68-71 amu 
is  t h e  dominant impurity i n  t h e  precursor ,  al though it is  
not  t h e  most abundant impurity i n  t h e  shock tube  b e f o r e  
each run  ( s e e  f i g u r e  5 and Appendix A.5). Some small  
amounts of i o n i z a t i o n  products  wi th  mass numbers o f  
1 (H*) , 16 (0') , 65-67 ( ~ e + * )  and 57 amu . b u t  no 
9 d i s c e r n i b l e  amounts of 2 ( H ~ + )  and 18  amu (H20 ) a r e  
observed. Consequences of varying t h e  impurity l e v e l s  
w i l l  be  descr ibed  i n  t h e  fol lowing s e c t i o n *  
Eons wi th  mass 65-67 amu , poss ib ly  a t t r i b u t a b l e  t o  
doubly-ionized xenon, a r e  d e t e c t e d  a t  t h e  h igher  Mach 
numbers (Ms > 17) The abundance of t h e  predominant 
i so topes  of xenon a r e  given i n  t h e  fol lowing t a b l e  
(Ref. 24 ) .  . 
Iso tope  % Natura l  Abundance 
Xe 12 9 26.24 
Xe 131 21-24 
Xe 132 26.93 
Xe 134 10.52 
Xe 136 8.93 
Doubly-ionized X e  132 , X e  134 , xe 136 have mass 
numbers (66, 67, 68 amu) loca ted  i n  c l o s e  proximity 
t o  impuri ty  ions  observed i n  t h e  shock tube ( s e e  f i g u r e  5 ) .  
To s e p a r a t e  t h e  Xe ++ i o n i c  c u r r e n t s  from t h e s e  impuri ty  
currents, the test section is evacuated to a pressure 
below which negligible impurity currents are collected by 
the spectrometer. The measured currents at these mass 
numbers do not change with impurity level, implying they 
++ 
are related only to the xenon atoms present, i.e., Xe 
The effect of increasing the initial pressure is 
shown in figure 11. At this high pressure, xenon ioniza- 
tion completely prevails over impurity ionization far 
ahead of the shock wave as well as near the wave. Xenon 
ions are detected up to 120 crn from the shock wave. 
Typical impurity ion profiles are shown for two different 
impurity levels, Pn comparison with figure 10, the 
magnitudes of the impurity ionization Bevels are about the 
same as at lower initial pressures, showing the radiation 
mechanism in% the impurity photoionization process has not 
basically changed; only the xenon ionization level shows 
a behavioral change, e.g., a change in slope at distances 
far from the wave. Sampling limitations imposed by the 
mass spectrometer preclude the study of pressures 
Pl > 0.500 torr (see Appendix B.2); however, no major 
changes in the basic precursor structure are anticipated 
for higher pressures. Xenon ionization should be much 
larger than impurity ionization, 
3.3 E f f e c t  of Impur i t i e s  on Precursors  
3.3a Naturally-Occurrinq Impur i t i e s  
A t  low pressures  (PI -- 0.100 t o r r  xenon) t h e  
presence of smal l  amounts of  impurity gases  i n  t h e  shock 
tube test s e c t i o n  r e s u l t s  i n  impurity i o n i z a t i o n  Bevels 
of t h e  same o rde r  of magnitude a s  t h e  xenon l e v e l s  i n  t h e  
precursor .  A s  t h e  i n i t i a l  p ressu re  of  xenon inc reases ,  
t h e  r o l e  of impur i t i e s  i n  t h e  precursor  becomes n e g l i g i b l e  
i n  comparison t o  t h a t  of xenon (Fig.  1%). The e f f e c t  of 
varying t h e  impuri ty  l e v e l s  i n  Pow-ini t ia l -pressure xenon 
experiments w i l l  now be q u a l i t a t i v e l y  descr ibed .  
A s  d iscussed  i n  Appendix 24.4 t h e  "natural ly-occurr ing" 
impurity Bevel f o r  each run  is  ca lcu la ted  from t h e  degas- 
s i n g  r a t e  and t h e  t ime e lapsed  between c l o s i n g  t h e  
d i f f u s i o n  pump va lve  and b u r s t i n g  t h e  shock tube  diaphram. 
Allowing longer  e lapsed  t imes between c l o s i n g  t h e  pump and 
f i r i n g  causes t h e  p a r t i a l  p ressu res  of  t h e  main c o n s t i t -  
uen t s  of a i r  t o  inc rease  while  t h e  o t h e r  impuri ty  l e v e l s  
remain f a i r l y  cons tan t ,  a s  would be  expected from leakage 
i n  t h e  shock tube test s e c t i o n  ( s e e  Appendix A . 5 ) ,  The 
behavior  sf t h e  O2 ' and N2 + ion c u r r e n t s  i n  t h e  pre- 
cu r so r  f o r  a v a r i a t i o n  i n  na tura l ly-occurr ing  impuri ty  
l e v e l s  w i l l  be  d iscussed  i n  P a r t  3.3b. 
For v a r i a t i o n  i n  n a t u r a l  impuri ty  l e v e l s  o f  from 
0.1 t o  1%, t h e  68-79 amu i o n i c  c u r r e n t s  colBected by t h e  
spectrometer  dur ing  a run  remain f a i r l y  cons tan t ,  
Lowering t h e  impurity l e v e l  from 0.1 t o  0.05% r e s u l t s  
i n  a  decrease  i n  t h e  c u r r e n t  of t h i s  group of impur i t i e s ,  
u n t i l  t h e  ion d e n s i t y  l e v e l  is below t h e  s e n s i t i v i t y  of 
t h e  mass spectrometer .  This  group of  organic  ions  i n  t h e  
precursor  is probably a t t r i b u t a b l e  t o  o i l s  i n  t h e  shock- 
tube d i f f u s i o n  pump. The presence of t h e s e  same heavy 
molecules i n  t h e  background spectrum s f  t h e  mass spectro-  
meter,  a l s o  d i f f u s i o n  pumped, suppor ts  t h i s  impl ica t ion  
( s e e  f i g u r e  5 ) .  The abundance of  t h e  68-71 amu i o n i c  
group i n  t h e  p recurso r ,  i n  comparison t o  its r e l a t i v e  
abundance i n  t h e  shock tube be fo re  each run,  implies  
photo ioniza t ion  c h a r a c t e r i s t i c s  t h a t  a r e  d i f f e r e n c e  from 
3.3b Added Hmpur it ies 
Small amounts s f  a  s p e c i f i c  gas  a r e  introduced wi th  
t h e  xenon i n t o  t h e  t e s t  s e c t i o n  t o  s tudy t h e  e f f e c t  of  a  
p a r t i c u l a r  impurity spec ies .  The e f f e c t s  of adding quant i-  
t i e s  of pure Q2 o r  N2 a r e  shown i n  f i g u r e  12, The 
behavior of t h e  N2 +- Q and O2 ions  i n  t h e  ease  of  natu- 
r a l l y  occurr ing  impur i t i e s  i n  P a r t  3.3a, is t h e  same a s  i n  
t h i s  p a r t  i f  t h e  same p a r t i a l  p ressu res  a r e  i n i t i a l l y  
p resen t  i n  t h e  t e s t  s e c t i o n .  The maximum spectrometer  
c u r r e n t s  ( a t  t h e  shock f r o n t )  f o r  t h e  s e r i e s  of  runs  a r e  
shown a s  a funct ion  of t h e  pe rcen t  abundance o f  t h e  p a r t i c -  
u l a r  gas  s p e c i e s  i n  pure xenon. 4- + EJ2 and O2 i o n i c  
c u r r e n t s  a r e  below t h e  mass spectrometer  s e n s i t i v i t y  f o r  
impurity l e v e l s  below 0.1%. For equal  amounts of O2 and 
N2 impur i t i e s ,  t h e  observed abundance of O2 i s  h igher  
than  f o r  N2. Currents  f o r  both  s p e c i e s  e x h i b i t  a  maximum 
a s  t h e  impurity l e v e l  is  increased.  For impuri ty  l e v e l s  
above about 1%, t h e  xenon i o n i z a t i o n  l e v e l s  decrease  
r a p i d l y ,  implying a b a s i c  change i n  t h e  r a d i a t i o n  chem- 
i s t r y .  ~ i g u r e  13 shows t h e  spectrometer  output  f o r  t h e  
~ e *  i o n i c  c u r r e n t  c o l l e c t e d  a s  t h e  shock wave approaches, 
f o r  t h r e e  d i f f e r e n t  impuri ty  l e v e l s .  The precursor  ion- 
i z a t i o n  c u r r e n t s  observed i n  t h e  double probe and h e a t  
t r a n s f e r  gauge t r a c e s  a l s o  decrease  i f  t h e  impurity l e v e l  
exceeds a  c e r t a i n  value.  It is pos tu la ted  t h a t  f o r  l a r g e  
amounts of f o r e i g n  gases  t h e  shock s t r u c t u r e  is completely 
changed; impurity l e v e l s  above 1% a r e  thus  not  considered 
he re  a s  a p p l i c a b l e  i n  t h e  s tudy of  t h e  e f f e c t  of small. 
amounts of i m p u r i t i e s  i n  a t y p i c a l  experimental. f a c i l i t y .  
A t  low i n i t i a l  p ressu res ,  t h e  e f f e c t  of varying t h e  im- 
p u r i t y  l e v e l  is not  s t u d i e d  wi th  t h e  spectrometer  f o r  Mach 
numbers l e s s  than  18 s i n c e  a t  low Mach nunibers, it is  
doub t fu l  t h a t  equi l ibr ium is achieved behind t h e  i n c i d e n t  
shock wave. Cer ta in ly ,  t h e  impurity l e v e l  has  a  l a r g e  
e f f e c t  on t h e  i o n i z a t i o n  r e l a x a t i o n  t i m e ,  a complex 
mechanism i n  i t s e l f  (see f o r  example, r e fe rence  2 0 ) .  
3 . 3 ~  Impur i t i e s  i n  t h e  Dr iver  Sec t ion  
The r o l e  of  i m p u r i t i e s  i n  t h e  d r i v e r  gas  i s  a l s o  
examined. Various amounts of  a i r  a r e  l e f t  i n  t h e  d r i v e r  
s e c t i o n  be fo re  f i l l i n g  wi th  d r i v e r  gas .  Since t h e  ho t  
equ i l ib r ium reg ion  of t h e  shocked t e s t  gas  is i n  con tac t  
wi th  t h e  d r i v e r  gas ,  it is p o s s i b l e  t h a t  r a d i a t i o n  from 
t h e  shocked gas  is  absorbed by t h e  i m p u r i t i e s  i n  t h e  d r i v e r  
I / 
gas  and then re-emit ted back through t h e  ho t  gas  ( t r ans -  
pa ren t  i n  c e r t a i n  s p e c t r a l  i n t e r v a l s )  t o  t d e  r eg ion  i n  f r o n t  
I I 
o f  t h e  shock wave. The r a d i a t i o n  source couPd thus  be  
I I 
changed, a l t e r i n g  t h e  photo ioniza t ion  mechanisms ahead of  
t h e  shock. For a l l  impuri ty  l e v e l s  (up t o  t h e  l e v e l  suf-  
f i c i e n t  t o  change t h e  shock wave v e l o c i t y )  no such e f f e c t  
is not  iced  i n  csmpar i son  wi th  t h e  pure-dr iver-gas 
cond i t ions ;  both  t h e  double probe and t h e  mass spectrometer  
s i g n a l s  remain u n a l t e r e d ,  implying t h a t  d r i v e r  i m p u r i t i e s  
do no t  in f luence  t h e  precursor  phenomena, 
3.4 Experiments i n  Arqon 
A l i m i t e d  nurriber of experiments were conducted with 
argon a s  t h e  t e s t  gas .  Argon has  a  h igher  i o n i z a t i o n  
p o t e n t i a l  than xenon; t h e r e f o r e ,  t h e  r e l a t i v e  abundance of 
impuri ty  ions  i n  t h e  argon shock s t r u c t u r e  may be g r e a t e r  
than  i n  xenon. Bowever, t h e  photo ioniza t ion  c r o s s  s e c t i o n  
o f  argon is lower than t h a t  of  xenon, which means t h a t  t h e  
photon mean f r e e  pa th ,  which is inverse ly  p ropor t iona l  t o  
t h e  c r o s s  s e c t i o n  is longer  ( see  Appendix E) . The 
photoionization level in argon should then fall off less 
rapidly than for xenon. 
For initial pressure P1 = 0.100 torr argon, - Ms - 
12.2 , and impurity level 0.4%, the mass spectrum shows the 
presence of only argon ions. Figure 14 shows an indication of 
+ the Ar ionic current collected by the mass spectrometer 
as the shock wave approaches. The maximum sensitivity of 
the spectrometer must be used at these shock conditions. 
8 s  with xenon at this Pow Mach number, no impurity ions are 
found in the precursor; the impurity ionization levels are 
probably below the spectrometer sensitivity. 
Increasing the Mach number in argon experiments is 
precluded by the pressure limitations on the spectrometer 
sampling orifice diaphragm (see Appendix 8.6 and B.2); the 
driver pressures reqaired for higher Mach nuders result 
in high shock tube final pressures, Replacing the mass 
spectrometer sampling fixture with a solid shock tube end 
wall, the effect of higher initial pressures and Mach 
numbers were studied. Using the double probe as a diag- 
nostic tool, the slopes of the ion density profiles at 
large distances from the shock wave are found to change in 
the same manner as with xenon, as the initial pressure 
is increased (Fig. 9) . 
IV. THEORETICAL RESULTS 
A theoretical model accounting for one-step and multi- 
step photoionization of xenon and impurities is developed 
in Appendix E. The analysis is similar to Dobbins ' 
(Ref. 18) for pure argon. 
In the present investigation, the existence of ions 
at large distances upstream of the shock wave are attri- 
buted to photoionization caused by the intense radiation 
from the region downstream of the shock- Using the 
notation discussed in Appendix E, the conservation equa- 
tions for ions and excited state atoms produced by radiation 
ahead of a strong shock wave are 
where Us = shock velocity 
N, = number density of excited-state atoms 
N+ = number density of ions 
NA = number density of neutral atoms 
R = photochemical rates (see figure 15) 
x = distance upstream of shock wave in 
shock-f ixed coordinates. 
The geometrical configuration is shown in figure 16. 
4.1 One-Step Photoionization of Xenon and Impurities 
Ignoring contributions due to ionization of excited 
state atoms, only the first term on the right hand side of 
equation (3.1) need be considered. Evaluating the rate of 
one-step photoionization. Roi . the ion number density at 
a point on the axis of a shock tube a distance q radii 
upstream of the shocked gas is found (Equation E.6) to be 
where T X = - R 
v = frequency of radiation 




CD ( V )  NA qR = spectral optical depth 
V 
Qo i = one-step photoionization cross section 4 
z = sece = (1 + q-2) 4 
@ = equilibrium temperature in region @ 
e,k,h= physical constants 
R = shock tube radius 
The formuPation is general with regard to composition 
and experimental values are available for the 
pho to ion iza t ion  c r o s s  s e c t i o n s  of xenon and many impur i t i e s ,  
S u b s t i t u t i o n  of t h e  appropr ia t e  va lues  g i v e s  an es t ima te  
of t h e  ion  number d e n s i t y  i n  t h e  precursor  f o r  one-step 
photo ioniza t ion ,  Provided t h e  s p e c t r a l  i n t e r v a l s  f o r  t h e  
pho to ion iza t ion  c r o s s  s e c t i o n  o f  impuri ty  gas  and xenon 
do not  over l ap  ( i . e . ,  a l l  photons a r e  no t  absorbed by 
e i t h e r  xenon o r  impur i ty ) ,  t h e  formulat ion g ives  indepen- 
den t  precursor  ion  d e n s i t i e s  f o r  xenon o r  f o r  impur i t ies .  
The inver se  of  t h e  o p t i c a l  depth T~ is t h e  r a d i a t i o n  
mean f r e e  pa th ,  a  measure of t h e  d i s t a n c e  t r a v e l e d  by a 
photon of  frequency v before  photoionizing a ground 
s t a t e  atom. I f  bo th  t h e  pho t s ion iza t ion  c r o s s  s e c t i o n  
and t h e  n e u t r a l  atom n u d e r  d e n s i t y  a r e  l a r g e ,  t h e  r ad i -  
a t i o n  i s  a t t enua ted  very r a p i d l y  i n  t h e  cold gas ,  a s  
shown by t h e  terms i n  t h e  square b r a c k e t s  in equat ion  (3.3) .  
On t h e  o t h e r  hand, i f  e i t h e r  t h e  c r o s s  s e c t i o n  o r  t h e  
number d e n s i t y  is  smal l ,  photons of s u f f i c i e n t  energy f o r  
photo ioniza t ion  w i l l  propagate f u r t h e r  from t h e  wave. 
Typical  va lues  o f  c r o s s  s e c t i o n  and number d e n s i t y  i n  t h e  
p resen t  experiments a r e  given i n  Table B. The ground s t a t e  
photo ioniza t ion  c r o s s  s e c t i o n  f o r  xenon is very l a r g e .  
Hence, i f  t h e  n e u t r a l  atom number d e n s i t y  ( i n i t i a l  pres- 
s u r e  PI i n  an experiment) is  low t h e  one-step 
photo ioniza t ion  of  xenon is  important a t  l a r g e  d i s t a n c e s  
from t h e  shock. The photo ioniza t ion  c r o s s  s e c t i o n s  f o r  
impuri ty  atoms such a s  oxygen are smal l  and t h e  number 
d e n s i t i e s  of  such i m p u r i t i e s  a r e  smal l  i n  t y p i c a l  
experiments.  Therefore,  it is  p o s s i b l e  t h a t  photon mean 
f r e e  pa ths  a r e  long enough f o r  impur i t i e s  t o  become im- 
p o r t a n t  i n  precursors .  
4.2 Multi-Step Photo ioniza t ion  s f  Xenon 
If t h e  i n i t i a l  p ressu re  is  high,  one-step photoion- 
i z a t i o n  of xenon is n e g l i g i b l e  a t  l a r g e  d i s t a n c e s  from t h e  
wave because of t h e  s h o r t  r a d i a t i o n  mean f r e e  path.  
So lu t ions  of equat ions  ( 3 . 1 )  and (3.2) f o r  ion  number 
d e n s i t i e s  due t o  mul t i - s tep  a s  w e l l  a s  one-step photoion- 
Pzation must be examined. From Appendix E , 3 ,  t h e  
photochemical r a t e s  Roi R,i Rol a r e  given by 
equat ions  (E4) (El .7)  (ElO) ( E l l )  , r e s p e c t i v e l y .  
, I  I (  
Long-range t ransmiss ion  s f  photon energy is important i n  
t h e  wings of  t h e  broadened resonance Pines i n  t h e  shocked- 
I 
gas emission spectrum. The e f f e c t i v e  " t rappingt '  of  r e s -  
1 1  
onance r a d i a t i o n  i n  t h e  co ld ,  u n d i s t r i b u t e d  gas  ahead of 
a shock wave is a l s o  found t o  be important. The r e f l e c t i o n  
and absorpt ion of r a d i a t i o n  a t  t h e  shock tube w a l l s  is 
n e c e s s a r i l y  neglected.  
For Iow i n i t i a l  p ressu res  of xenon, one-step photo- 
i o n i z a t i o n  c o n t r o l s  t h e  precursor  s t r u c t u r e ,  Examination 
of  t h e  r e l a t i v e  c o n t r i b u t i o n  sf  s ing le - s t ep  and mul t i - s tep  
processes  t o  t h e  t o t a l  i o n i z a t i o n  l e v e l  shows t h a t  a s  t h e  
test pressure increases, ionization of photoexcited atoms 
becomes the dominate mechanism. Ionization levels due to 
one-step photoionization decay exponentially with distance, 
while multi-step ionization levels decrease with some power 
of the distance from the shock wave. The importance of 
initial pressure is further noted in that the contribution 
to ionization due to multi-step processes depends on the 
square of the number density while single-step photoion- 
ization is determined by a linear relation with the number 
density . 
With the appropriate spectral characteristics of xenon 
and oxygen impurity (Refs . 25-29) , thermodynamic prspert ies 
of high temperature xenon (Ref, 30) and the experimentally 
determined test-conditions from reference 23, the CPTRAN* 
system is used to obtain a numerical solution to the above 
equations. Table H gives selected values for test condi- 
tions and parameters for typical. experiments in xenon 
with oxygen impurity. 
Theoretical ion number densities for xenon and oxygen 
are compared directly with the individual ionic currents 
collected by the spectrometer in Part V. Re-examination of 
the theoretical considerat ions after comparison with. 
experimental results will then yield insight to the validity 
of the theoretical treatment. 
*A CaPtech developed on-line computing system using the IBM 
360/50 computer. A quadrature integration using Simpsones 
Rule is utilized. 
V. DISCUSSION AND COMPARISON 
OF EXPERIMENT AND THEORY 
5.1 Photoionization at Low and Hiqh Initial Pressures 
Figure 17 shows the mass spectrometric measurements 
- of xenon and oxygen ions for low initial pressure (PI - 
0.120 torr) and Ms = 18.5 . where impurity photoionization 
is found to be significant. The spectrometer calibration 
constant is used to relate the ion density in the shock 
tube to the ionic current coklected by the spectrometer 
(see Appendix B. 3) , For comparison the one-step photo- 
ionization calculations (using equation 3.3) are shown 
for xenon and oxygen at the experimental. conditions. At 
this Pow initial pressure, the contribution due to multi- 
step photoionization is negligible. 
+ Figure 1% shows the number density of Xe ions as 
measured by the mass spectrometer at a high initial 
pressure (PI = 0.500 torr) and Ms = 15.2 . Theoretical 
caPcufation of ion number density according to one-step 
photoionization of xenon is seen to decrease to a level 
several orders of magnitude below the experimentally 
observed nurriber density. The numerical solution of 
equation (3.2) , which gives the number density of xenon 
atoms excited to the first state,. is also shown in this 
figure. HncEusion of this profile for N, (q) in a 
numerical solution of equation (3.1) results in a con- 
tribution to the ionization level, N+ , which is less in 
magnitude than  even t h e  one-step photo ioniza t ion  l e v e l .  
F igure  1 2  shows the  maximum ion d e n s i t y ,  occurr ing  
a t ' t h e  shock f r o n t ,  c o l l e c t e d  by t h e  spectrometer  f o r  
va r ious  l e v e l s  of  oxygen and n i t rogen  impur i t i e s  ( s e e  
P a r t  3.3b).  For comparison t h e  one-step pho to ion iza t ion  
l e v e l s  of oxygen and n i t rogen  a r e  shown by t h e  dashed 
l i n e s .  A t  l e v e l s  above 0.4% f o r  oxygen and -- 1.2% 
f o r  n i t rogen ,  t h e  observed number d e n s i t i e s  depar t  s i g n i f -  
i c a n t l y  from t h e  va lues  p red ic ted  by theory.  
5 .2  Precursor  Dependence on Shocked Gas Temperature 
Figure  8 ( P a r t  3.1) shows t h e  dependence of  photo- 
i o n i z a t i o n  on equi l ibr ium temperature behind, t h e  shock 
wave a s  measured by t h e  double probe. Comparison o f  theory 
and experiment a t  low i n i t i a l  p ressu res  shows t h a t  one- 
s t e p  photo ioniza t ion  predominates t h e  precursor ,  e s p e c i a l l y  
c l o s e  t o  t h e  shock wave. Examination of t h e  t h e o r e t i c a l  
formulat ion (equat ion  3 , 3 )  shows t h a t  f o r  a f i x e d  
p ressu re  t h e  degree of i o n i z a t i o n  ahead of t h e  shock 
depends only on t h e  equ i l ib r ium temperature behind t h e  wave. 
Performing t h e  numerical c a l c u l a t i o n s  a t  an i n i t i a l  
p ressu re  PI = O . l O O  t o r r  xenon and a t  a d i s t a n c e  o f  5 cm 
from t h e  shock wave, t h e  i o n i z a t i o n  l e v e l  p red ic ted  by 
one-step photo ioniza t ion  is  compared i n  f i g u r e  19 wi th  
t h e  d a t a  obtained by t h e  probe. The two s c a l e s  have been 
s h i f t e d  r e l a t i v e  t o  each o t h e r  t o  f a c i l i t a t e  a comparison 
of slopes. 
At the lower temperatures (low Mach numbers) it is 
doubtful that equilibrium is attained in the shocked gas 
(even at the given impurity level) and hence the theory, 
which assumes blackbody radiation at the equilibrium 
temperature, suggests higher precursor levels of ionization 
than would be observed. The sharp change in slope of the 
measured ion current at the lower temperatures substan- 
tiates this conclusion. 
5.3 Discussion 
Correlation between experimental evidence and theoret- 
ical understanding of the precursor phenomena is good at 
Pow initial pkessures, if only small quantities of 
impurities are present, The small changes in the double 
probe measurements with variations in the impurity level 
(Fig, 7 )  substantiate the spectrometric data. Impurity 
domination of the precursor at extreme distances from the 
shock wave is implied by the slopes of both spectrornetrical- 
By determined and theoretically evaluated ion densities 
(see figure 171, but the region in which this might occur 
is below the range of sensitivity of the spectrometer. 
At higher pressures, the experimental results show a 
negligible impurity contribution to the precursor ion- 
ization level, due to a different behavior of xenon at 
Barge distances from the wave. For the higher initial 
pressures, xenon ions are detected at much larger distances 
from the shock wave than predicted by the one-step ion- 
ization theory. The theoretical formulation for multi-step 
photoionization predicts a high number density of excited- 
state atoms but ionization from these photoexcited atoms is 
much lower than the observed values, at the pressures used 
in the present investigation. Eventual domination by the 
multi-step ionization process at high pressures is implied 
by theory (see Part 4 - 2 )  . In view of the present experi- 
mental results, it appears that inadequacies exist in the 
treatment of multi-step photoionizakion processes. Experi- 
mental implications and theoretical shortcomings in the 
multi-step photoionization theory will now be discussed. 
The experiments indicate the areas which are still 
not understood thesreticalPy. With the recent work sf 
Schldter (Ref. 272, the emission spectrum sf xenon is 
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fairly well known, but the mechanism of absorption in the 
cold gas is still not clear, The accuracy sf calculations 
of the edges of the resonance line profiles, which are 
shown to be important in multi-step photoionization 
(Appendix E.31, are subject to doubt. The cross sections 
for excited state photoionization should also be studied 
further. 
Using a somewhat different theoretical approach, 
Holrnes (Ref. 8) found' that the main contribution to photo- 
excitation of ground state atoms comes from radiation in 
t h e  wings of t h e  resonance l i n e  a t  f requencies  g r e a t e r  
than  500 l i n e  b r e a d t h s  away from t h e  l i n e  c e n t e r .  I n  t h i s  
r eg ion  of resonance r a d i a t i o n  on t h e  edge of  t h e  Pine,  t h e  
blackbody assumption ( ~ p p e n d i x  E.3) f o r  t h e  emission 
spectrum and t h e  accuracy of t h e  absorpt ion  c o e f f i c i e n t  
a r e  c e r t a i n l y  ques t ionable .  Experimental s t u d i e s  of 
t h i s  s p e c t r a l  regime a r e  non-existent.  
The r a d i a t i o n  model a s  presented ,  accounts f o r  only 
t h e  f i r s t  e x c i t e d  s t a t e  i n  t h e  cold gas ,  al though t h e  
c o r r e c t i o n  f a c t o r s  (Appendix E.3) f o r  t h e  emission s p e c t r a  
of  t h e  ho t  gas  t a k e  i n t o  account c o n t r i b u t i o n s  due t o  
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recombination of a l l  exc i t ed  s t a t e s .  Inc lus ion  of  t h e  Pl 
exc i t ed  s t a t e  of  xenon i n  t h e  cold gas  should roughly 
r a i s e  t h e  degree of  i o n i z a t i o n  by a f a c t o r  of two, s t i l l  
an i n s i g n i f i c a n t  amount i n  view of  t h e  p resen t  experimental  
r e s u l t s .  It is  p o s s i b l e  t h a t  e x c i t a t i o n  t o  Bevels h igher  
than  t h e  f i r s t  s t a t e  and subsequent de -exc i t a t ion  t o  t h e  
resonance s t a t e  (wi th  emission s f  r a d i a t i o n )  may s i g n i f i -  
c a n t l y  increase  t h e  exc i t ed  atom n u d e r  d e n s i t y ,  and 
consequent Py , t h e  degree of ion iza t ion .  Radiat  ion 
;!trappingw ( see  Appendix ~ . 3 )  was found t o  be important by 
Dobbins (Ref. 18)  when he considered photo ioniza t ion  of 
pggon a t  f a i r l y  h igh  i n i t i a l  p ressu res  (1 s PI a 10 t o r r )  
i n  a small  shock tube (R  = f .27 ern) . In t h e  p r e s e n t  
c a l c u l a t i o n s ,  t rapping  is important f o r  somewhat lower 
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pressures  (0.050 s PI s 0.5 t o r r )  due t o  t h e  l a r g e r  
(R  = 7.62 cm) shock-tube r a d i u s ;  re-emit ted r a d i a t i o n  has 
a  much longer  pa th  length  and a  h igher  p r o b a b i l i t y  of  
being absorbed be fo re  reaching  t h e  wal l .  
The mass spectrometer  r e s u l t s  show t h a t  f o r  low 
impurity l e v e l s ,  t h e  impurity photo ioniza t  ion process  is 
uncoupled from t h e  xenon photo ioniza t ion .  The a d d i t i o n  
of t o o  l a r g e  a  q u a n t i t y  of f o r e i g n  gas  i m p u r i t i e s  causes 
a  decrease  i n  t h e  magnitude of  precursor  i o n i z a t i o n ,  
suggest ing t h a t  t h e  shock s t r u c t u r e  i n  xenon o r  t h e  
emission c h a r a c t e r i s t i c s  of  t h e  r a d i a t i o n  source i s  
a l t e r e d .  The presence of r a d i a t i o n  from impur i t i e s  i n  
t h e  hot-gas emission spectrum could have an e f f e c t  on 
exc i t ed  s t a t e  photo ioniza t ion  of xenon. A l l  components 
of r a d i a t i o n  i n  t h e  vi, range a r e  important because of 
t h e  magnitude of t h e  c r o s s  s e c t i o n  Q, (vi,) 
Van d e r  Waals l i n e  broadening and s h i f t i n g  due t o  xenon 
atom c s l l i s i o n s  wi th  fo re ign  gas  atoms may have an e f f e c t  
on t h e o r e t i c a l  ca lcuPat ions ,  A t  some of t h e  h igher  pres-  
s u r e s  t h e  e f f e c t  of n e u t r a l  impurity atoms could be 
importank on highly-exci ted s t a t e s  of t h e  primary gas ,  
s i n c e  h ighly  exc i t ed  atoms a r e  e a s i l y  ionized by impurity 
e f f e c t s  (Ref. 31) . The equ i l ib r ium volume of  shocked gas ,  
i . e , ,  t h e  r a d i a t i n g  volume, is increased a s  t h e  r e l a x a t i o n  
t i m e  i s  decreased due t o ' t h e  presence of  impur i t i e s .  This  
would change t h e  emission c h a r a c t e r i s t i c s  of  t h e  r a d i a t i n g  
gas. 
I n  t h e . t h e o r e t i c a 1  t rea tment  of t h e  r a d i a t i o n  mech- 
anism, t h e  non-equilibrium reg ion  between t h e  f rozen  shock 
f r o n t  and t h e  equi l ibr ium zone is excluded from consider- 
a t i o n .  Biberman and Yakubov (Ref. 32) d i s c u s s  propagation 
of  resonance r a d i a t i o n  through t h i s  reg ion;  f u r t h e r  s tudy 
of  r a d i a t i o n  i n  t h i s  important reg ion  is i n  order .  
The e f f e c t  of t h e  r e f l e c t e d  r a d i a t i o n  from t h e  shock 
tube w a l l s  could be of  major importance. Wall r e f l e c t i v i t y  
would c e r t a i n l y  inc rease  t h e  l e v e l  of i o n i z a t i o n  ahead of 
t h e  shock wave because s f  increased photon f l u x  from t h e  
shocked gas.  The region  f a r  from t h e  shock wave is d i s -  
t inguished by t h e  l a r g e  d i sc repanc ies  between t h e  
experimental  and t h e o r e t i c a l  r e s u l t s .  The e f f e c t  of 
r e f l e c t i o n  would be  muck l a r g e r  a t  d i s t a n c e s  f a r  from t h e  
shock wave s i n c e  t h e  t h e o r e t i c a l  s o l i d  angle  subtended ( a t  
a po in t  on t h e  shock tube a x i s )  by t h e  ho t  gas  is  much 
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smal ler  a t  t h e s e  d i s t a n c e s  than when t h e  r a d i a t i n g  gas is  
c l o s e r .  A t  p o i n t s  c l o s e  t o  t h e  shock wave, more of  t h e  
r ad i i a t ion  from t h e  shocked gas is included i n  t h e  geometry 
and hence t h e  a d d i t i o n a l  r e f l e c t e d  r a d i a t i o n  would be  
p ropor t iona l ly  l e s s .  Thus, more photons propagate f u r t h e r  
down t h e  shock tube than  t h e  geometr ical  a t t e n u a t i o n  f a c t o r  
i n  t h e  theory  suggests .  
It should be  noted t h a t  t h e  r e f l e c t i v i t y  funct ion  is  
extremely important i n  t h e  photo ioniza t ion  o f  photoexci ted 
atoms, s i n c e  b o t h  t h e  p h o t o e x c i t a t  ion  and p h o t o i o n i z a t  ion  
r a t e s  would b e  m u l t i p l i e d  by t h e  r e f l e c t i o n  p rope r ty .  
Also,  photon a b s o r p t i o n  a t  t h e  w a l l  is g r e a t e r  f o r  u l t r a -  
v i o l e t  r a d i a t i o n  w i t h  s u f f i c i e n t  energy f o r  one-s tep 
p h o t o i o n i z a t i o n  than  f o r  l onge r  wave-length r a d i a t i o n ,  s o  
t h e  r e f l e c t i v i t y  f o r  l onge r  wave-length i s  h i g h e r ,  s i n c e  
t h e  sum o f  a b s o r p t i o n  and r e f l e c t i o n  c o e f f i c i e n t s  is  
c o n s t a n t .  R e f l e c t i o n  o f  t h i s  r a d i a t i o n  w i t h  s u f f i c i e n t  
energy t o  p h o t o e x c i t e  and t h e n  t o  pho to ion ize  n e u t r a l  atoms 
should b e  ve ry  important  i n  t h e  m u l t i - s t e p  p h o t o i o n i z a t i o n  
p roces s .  Study of a b s o r p t i o n  and r e f l e c t i o n  c o e f f i c i e n t s  
f o r  s o l i d  s u r f a c e s  i n  t h e  u l t r a v i o l e t  spectrum p r e s e n t s  a 
formidable  problem; hence,  t h e  e f f e c t  is  no t  cons idered  i n  
t h e  t h e o r e t i c a l  fo rmula t ion  ( s e e  Appendix E. 2 )  . 
The p r e s e n t  i n v e s t i g a t i o n  is p r i m a r i l y  concerned w i t h  
de t e rmina t ion  s f  t h e  rad  i a t i o n -  induced p r o p e r t i e s  o f  t h e  
l e a d i n g  s e c t i o n  o f  t h e  shock wave s t r u c t u r e ,  For a com- 
p l e t e  unders tanding  o f  t h e  s t r u c t u r e  of  s t r o n g  shock waves, 
t h e s e  r e s u l t s  must b e  coupled through t h e  non-equi l ibr ium 
zone w i t h  t h e  e q u i l i b r i u m  c o n d i t i o n s  i n  t h e  t r a i l i n g  
s e c t i o n  s f  t h e  shock.wave. For example, p r e - i o n i z a t i o n  i n  
t h & ' h k e c u r s o r  r e g i o n  g r e a t l y  i n f l u e n c e s  t h e  i o n i z a t i o n  
r e l a x a t i o n  t o  e q u i l i b r i u m  by i n c r e a s i n g  t h e  a v a i l a b i l i t y  
s f  f r e e  e l e c t r o n s  f o r  e lec t ron-a tom i o n i z a t i o n  c o l l i s i o n s .  
T h e o r e t i c a l  a t t e m p t s  a t  r e l a t i n g  t h e s e  r e g i o n s  a r e  g iven  
i n  r e f e r e n c e s  33 and 34. 
VI . CONCLUSIONS 
comparison between p red ic ted  va lues  of impuri ty  
i o n i z a t i o n  and experimental  evidence impl ies  t h a t  a t  l e a s t  
f o r  small  q u a n t i t i e s ,  t h e  r o l e  of impur i t i e s  i n  t h e  pre- 
cu r so r  phenomena i s  understood and can be es t imated  f a i r l y  
' , ,  
accura te ly .  For smal l  impuri ty  l e v e l s ,  t h e  impuri ty  
i o n i z a t i o n  can be  uncoupled from photo ioniza t ion  i n  pure 
xenon, and t h i s  reg ion  of  t h e  t o t a l  shock s t r u c t u r e  i n  
xenon may be  s tud ied .  Theore t i ca l  c a l c u l a t i o n s  o f  one- 
s t e p  photo ioniza t ion  of xenon a t  Bow i n i t i a l  p r e s s u r e s  
(PI - 0.100 t o r r )  a f f o r d  good agreement with observed 
number d e n s i t i e s ,  The dependence on temperature a t  s h o r t  
d i s t a n c e s  from t h e  shock conforms t o  t h e  r a d i a t i o n  model. 
A t  t h e s e  Pow pressures ,  impurity i o n i z a t i o n  is o f  t h e  same 
o rde r  of magnitude a s  xenon i o n i z a t i o n ,  due to t h e  longer  
r a d i a t i o n  mean f r e e  pa ths  f o r  impurity atoms. A t  h igher  
p ressu res  (P1 - 0.500 t o r r )  , d i f f i c u l t i e s  i n  t h e  
t h e o r e t i c a l  i n t e r p r e t a t i o n  s f  t h e  observed magnitudes of  
t h e  precursors  cannot be a t t r i b u t e d  t o  one-step xenon o r  
impurity photo ioniza t ion .  The genera l  agreement o f  t h e  
one-step mechanism f o r  Bower p ressu res  and disagreement 
a t  high p ressu res  implies  t h a t  t h e  important i o n i z a t i o n  
mechanism f o r  h igher  p ressu res  is mul t i - s tep  photoion- 
i z a t i o n .  The t h e o r e t i c a l  t rea tment  of  mul t i - s tep  
photo ioniza t ion  processes  proves t o  be  inadequate and 
f u r t h e r  work on i o n i z a t i o n  from an e x c i t e d  s t a t e  is  
in order. Theoretical treatment of photoexcitation and 
ionization from states above the first excited state have 
yet to be made. The accuracy of the cold gas absorption 
line broadening mechanisms controlling the far wings should 
be subjected to experimental verification. 
The very important dependence on the shock tube wall 
reflectivity , at the wavelengths suitable for excited 
state-ionized state transitions, indicate that experimental 
study of this subject should be the next step in the study 
of precursors. 
APPENDIX A 
THE GALCIT 6" SHOCK TUBE 
The GALCIT 6" shock tube was designed* a s  an interme- 
d i a t e - s i z e d  f a c i l i t y  f o r  t h e  product ion of s t r o n g  shock 
waves under very reproducib le  cond i t ions  (an e s s e n t i a l  
p r e r e q u i s i t e  i n  t h i s  s t u d y ) .  It is we l l  s u i t e d  f o r  studying 
var ious  r e a c t i o n  r a t e  phenomena, h igh ly  ionized plasmas, and 
r a d i a t i o n  e f f e c t s .  The s i m p l i c i t y  and r e p e a t a b i l i t y  of  a 
co ld  gas  d r i v e r  was found extremely b e n e f i c i a l ,  and g r e a t  
a t t e n t i o n  was paid t o  achieving an accura te  c o n t r o l  over 
t h e  impurity l e v e l  i n  t h e  t e s t  sec t ion .  I n  t h e  fol lowing 
d i scuss ion  t h e  b a s i c  dimensions, vacuum c h a r a c t e r i s t i c s ,  
and ins t rumenta t ion  p e r t i n e n t  t o  t h e  p resen t  i n v e s t i g a t i o n  
a r e  descr ibed ,  
A . 1  Descr ip t ion  of  t h e  Basic  Shock Tube System 
A schematic s f  t h e  shock tube  and assoc ia ted  equipment 
i s  shown i n  f i g u r e  1 (see  a l s o  f i g u r e  21,  The tube con- 
sists sf a eold-gas d r i v e r  s e c t i o n ,  a diaphragm-transi t ion 
s e c t i o n  and a  36' Bong d r iven  ( test)  sec t ion .  The mass 
spectrometer  is mounted on t h e  end w a l l  (mechanically 
i s o l a t e d  from t h e  shock t u b e ) ,  and a  p r e s s u r e - r e l i e f  tank 
is  connected t o  t h e  shock tube a t  two p o r t s  near t h e  end 
w a l l ,  
*Complete and d e t a i l e d  d e s c r i p t i o n s  of  t h e  shock tube 
f a c i l i t y  a r e  found i n  r e fe rences  22 and 23. 
The d r i v e r  s e c t i o n  i s  a  6 '  l eng th  of  6.520" I . D . ,  type 
321. s t a i n l e s s  s t e e l ,  seamless tubing  wi th  a  w a l l  th i ckness  
o f  0.5". The d r i v e r  gas  i n l e t ,  d r i v e r  pressure-gauge l i n e ,  
d r i v e r  vacuum-pump l i n e ,  and t h e  e x t e r n a l  exhaust  l i n e  a r e  
a l l  mounted on t h e  d r i v e r  s e c t i o n  end wal l .  A mechanical 
vacuum pump evacuates  t h e  d r i v e r  be fo re  each run. 
A unique h y d r a u l i c  system suppl ied  t h e  f o r c e  necessary 
t o  clamp t h e  diaphragm i n  p lace  i n  t h e  diaphragm-transi t ion 
s e c t i o n ,  A s e t  of crossed k n i f e  b lades  mounted a c r o s s  t h e  
t r a n s i t i o n  s e c t i o n  uniformly c u t s  t h e  diaphragm a s  it  bulges  
under p ressu re  (Ref. 35) .  Var ia t ion  of  diaphragm m a t e r i a l  
(usua l ly  aluminum s h e e t ) ,  diaphragm th ickness ,  curvature  of 
t h e  k n i f e  b lades ,  and d i f f e r e n t  mixtures  of  t h e  d r i v e r  gases  
(hydrogen, helium, and n i t rogen)  provide a  continuous range 
of  shock Mach numbers, The b u r s t i n g  p ressu res  f o r  va r ious  
diaphragm m a t e r i a l s  and th icknesses  a r e  r epea tab le  t o  wi th in  
3 p s i a  o r  l e s s ,  r e s u l t i n g  i n  very good r e p r o d u c i b i l i t y  of  
shock condi t ions .  Squaring p l a t e s  downstream of  t h e  d ia-  
phragm s e c t i o n  provide a f l a t  edge f o r  t h e  diaphragm metal  
t o  bend on, e l imina t ing  t e a r i n g  and Boss of t h e  diaphragm 
p e t a l s  a f t e r  rup tu re .  
Three 12' l eng ths  of  type  321 s t a i n l e s s  s t e e l  seamless 
tubing  wi th  a  nominal w a l l  th i ckness  s f  0.5" form t h e  d r iven  
t e s t  s e c t i o n .  The i n t e r n a l  s u r f a c e  of t h i s  s e c t i o n  is 
honed t o  a f i n i s h  of  18 to 20  microns, Observation sf 
s t r o n g  r e f l e c t i o n  of v i s i b l e  l i g h t  i n  t h e  test s e c t i o n  
sugges ts  t h a t  r a d i a t i o n  may be  important i n  t h e  p resen t  
i n v e s t i g a t i o n ;  f u r t h e r  r e f e r e n c e  t o  t h i s  p o s s i b i l i t y  is  
made i n  Appendix E. The i n t e r n a l  diameter  of  t h e  tube  i s  
I- 6.021 - 0.002 inches wi th  a maximum s t e p  he igh t  a t  any j o i n t  
between s e c t i o n s  sf  l e s s  than  0,002"- Also, a l l  instrumen- 
t a t i o n  i n  t h e  tube  w a s  machined ts t h e  contour of t h e  tube,  
minimizing any flow d i s tu rbances .  
~ n s t r u m e n t a t i o n  p o r t s  a r e  loca ted  a t  va r ious  p o s i t i o n s  
i n  t h e  shock tube.  Each p o r t  c o n s i s t s  of  one inch (8.935") 
diameter  access  h o l e  with a 2-l/8" diameter  f l a t  ( f o r  O-ring 
s e a l s )  on t h e  o u t e r  su r face  of  t h e  tube.  
The tube was designed t o  have good vacuum c h a r a c t e r i s -  
t i c s .  Neoprene O-rings a r e  employed i n  a l l  tube j o i n t s ,  
p o r t s ,  and va lves ,  and t h e  plumbing is  soldered.  The 
s t a i n l e s s  s t e e l  wa l l  m a t e r i a l  and t h e  honed i n t e r n a l  su r face  
enhance t h e  vacuum performance. 
The vacuum system c o n s i s t s  o f  t h r e e  pumps. Two mechan- 
i c a l  vacuum pumps (a Kinney, Model KC 46 and a Welch, Model 
1397B) evacuate t h e  d r i v e r  and test s e c t i o n s  $0 a p ressu re  
of  a few microns. I n  add i t ion ,  t h e  Welch pump se rves  a s  
t h e  f o r e  pump f o r  a s ix- inch o i l  d i f f u s i o n  pumpe A l i qu id -  
n i t rogen cold t r a p  is loca ted  between t h e  d i f f u s i o n  pump 
and t h e  shock tube. The pumping l i n e  p o r t s  a r e  pos i t ioned  
i n  t h e  t r a n s i t i o n  s e c t i o n  to minimize flow d i s tu rbance  i n  
t h e  test sec t ion .  
For t h e  p resen t  i n v e s t i g a t i o n  resea rch  grade Linde 
xenon (50 p a r t s  per  m i l l i o n  impurity l e v e l )  is used, and 
f o r  t h e  few experiments i n  argon, Linde argon (400 p a r t s  
pe r  m i l l i o n  impurity l e v e l )  is  used. Type 555 (Tektronix)  
d u a l  beam o s c i l l o s c o p e s  and Type E f a s t - r i s e  pre-ampl i f ie rs  
a r e  u t i l i z e d  t o  o b t a i n  a l l  d a t a ,  u n l e s s  s p e c i f i c  note  i s  
made otherwise.  A Beckman, model 7370, tenth-microsecond 
t i m e  in terva l -counter  is used t o  s e t  a l l  o sc i l loscope  
de lays .  Polaro id  f i l m  f u r n i s h e s  permanent r ecords  s f  t h e  
ssci l lograrns,  
A.2 Operating Conditions and Limi ta t ions  
For t h e  p resen t  s tudy,  an accura te  c o n t r o l  of t h e  
impuri ty  %eve% is imperat ive,  This i s  accomplished by 
pumping t h e  t e s t  s e c t i o n  to a p ressure  f a r  below t h a t  
requi red  t o  g ive  t h e  d e s i r e d  impuri ty  Bevel and then allow- 
ing t h e  tube t o  l eak  " impur i t i e s"  and t o  outgas up t o  t h e  
r equ i red  p ressu re .  A l t e r n a t i v e l y ,  a p a r t i c u l a r  s p e c i e s  s f  
impurity is  introduced fol lowing t h e  i n i t i a l  evacuat ion.  
With t h e  p resen t  pumping system, t h e  d r iven  s e c t i o n  
can be evacuated t o  a p ressu re  of  0.03 x t o r r  i n  
th ree -quar t e r s  of  an hour,  and a f t e r  t h i s  t ime,  t h e  combined 
l eak  and out-gassing r a t e  is  l e s s  than  3.0 x t o r r  pe r  
hour. An u l t i m a t e  p ressu re  of  0.007 x t o r r  can be 
a t t a i n e d  a f t e r  f o u r  hours of d i f f u s i o n  pumping with a cor- 
responding i n i t i a l  leak  and out-gassing r a t e  of  1.7 x l r 3  
torr per hour. Use of solenoid valves allows remote 
control of the shock-tube system, so the shock tube may be 
fired a few seconds after the test gas is introduced, mini- 
mizing additional out-gassing and leakage. 
The shock tube is capable of withstanding pressures 
far in excess of the allowable maximum operating pressure 
at the entrance to the mass spectrometer, so the mass 
spectrometer imposes the limiting condition on initial 
pressure, driver pressure, and Mach numbex. A typical 
value of driver pressure for the xenon experiments is 120 
psia hydrogen. 
Experimental determinations sf operating parameters 
(e.g., relaxation time) for the 6" shock tube are presented 
in reference 23. For a representative condition (initial 
pressure of 8.120 torr xenon, and Ms = 1%. 5) , the shock 
tube produces a slug of test gas that is approximately 95 
em in length on reaching the end wall of the shock tube 
with an ionizational relaxation region about 3 cm long, 
The equilibrium degree of ionization behind the incident 
wave is 8.36, and the equilibrium temperature is 9800~~. 
24.3 Determination of Shock Wave Velocity and Position 
Accurate determination of the shock Mach number and 
the precise moment at which the shock reflects from the 
entrance of the mass spectrometer is critical in this 
investigation, since mass spectrometric data must be 
compared f o r  many experiments ( s e e  Sec t ion  2 .2) .  The 
responses of two f  lush-mounted plat inum th in- f  i l m  heat-  
t r a n s f e r  gauges and t h e  e l e c t r i c a l  response of  a  piezoelec-  
t r i c  c r y s t a l  a r e  used t o  measure t h e  i n c i d e n t  shock wave 
v e l o c i t y  and t o  t r i g g e r  t h e  o t h e r  e l e c t r o n i c  appara tus .  
The convent ional  method of  measuring shock v e l o c i t y  by 
us ing  a  microsecond counter  t o  measure t h e  time i n t e r v a l  
f o r  shock passage over t h e  d i s t a n c e  (50 cm) s e p a r a t i n g  t h e  
two s idewal l  gauges is u n s a t i s f a c t o r y  due t o  t h e  e f f e c t  of  
precursor  i o n i z a t i o n  on t h e  e l e c t r i c a l  response of  t h e  
gauges ( s e e ,  f o r  example, r e fe rence  36) .  I n  extreme cases  
it is very d i f f i c u l t  t o  even i d e n t i f y  t h e  shock wave on an 
oscil lograrn of t h e  s ide-wall  gauge output  s i n c e  t h e  pre- 
cu r so r  s i g n a l  is o f t e n  l a r g e r  than t h a t  due t o  t h e  
temperature change induced by t h e  shock f r o n t ,  
An  e l e c t r i c a l l y - s h i e l d e d  p i e z o e l e c t r i c  c r y s t a l  
(C lev i t e  PZT-5) 0.25" long, 0.0625" wide, and 0,040'' t h i c k  
is  mechanically i s o l a t e d  from t h e  shock tube  wi th  Dow- 
Corning RTV 601 s i l i c o n e  rubber and loca ted  i n  an i n s t r u -  
mentation p o r t  d i a m e t r i c a l l y  opposed t o  t h e  s ide-wall  gauge 
c l o s e s t  t o  t h e  end w a l l  ( s e e  f i g u r e  20) .  I n  t h i s  manner 
t h e  p r e c i s e  l o c a t i o n  of t h e  shock wave is  determined from 
t h e  response of t h e  c r y s t a l  t o  t h e  p ressu re  d i s c o n t i n u i t y  
a t  t h e  f r o n t  of t h e  shock wave. 
One beam of an osc i l loscope  records  t h e  output  o f  t h e  
upstream th in- f i lm gauge, t h e  beam being t r i g g e r e d  by t h e  
precurso r  s i g n a l  ahead of t h e  shock wave. A second and 
t h i r d  beam a r e  delayed from t h i s  t r i g g e r  and a r e  used t o  
d i s p l a y  t h e  output  of t h e  second th in - f i lm gauge and t h e  
p i e z o e l e c t r i c  gauge, both loca ted  50 cm downstream from t h e  
f i r s t  t h in - f i lm gauge, Examination of t h e  p i e z s e P e c t r i c  
gauge s i g n a l  determines t h e  shock-wave l o c a t i o n  i n  t h e  s ide-  
w a l l  gauge osc i l logram and f i x e s  t h e  s p a t i a l  p o s i t i o n  of  
t h e  shock r e l a t i v e  t o  t h e  end w a l l  of t h e  shock tube  ( i . e . ,  
t h e  ent rance  t o  t h e  mass spec t rometer ) .  A comparison of  
t y p i c a l  s i g n a l s  from t h e  p i e z o e l e c t r i c  c rys ta l .  and the  thin-  
f i l m  gauge i s  shown i n  f i g u r e  21, , 
Using t h e  p i e z o e l e c t r i c  t r a c e ,  t h e  shock wave can be  
loca ted  on t h e  two s i m i l a r  t h i n  f i l m  gauge t r a c e s ,  and t h e  
time i n t e r v a l  f o r  shock passage can b e  determined from t h e  
s sc i l l sg rams .  An es t ima te  of  t h e  e r r o r  i n  determining t h e  
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shock wave Mach number i n  t h i s  manner is  - 1%. 
24.4 Measurement s f  I n i t i a l  Pressure  and Impurity Level 
Accurate knowledge of t h e  i n i t i a l  p a r t i a l  p ressu re  of  
both  t h e  primary gas  and impuri ty  gas  is  s f  major importance. 
One of two c a l i b r a t e d  volumes e i t h e r  B/208 o r  1/30 o f  t h e  
volume of  t h e  shock-tube t e s t  s e c t i o n  is  used t o  f i l l  t h e  
shock tube wi th  t h e  t e s t  gas ;  t h e  c a l i b r a t e d  volume is 
\ 
f i l l e d  t o  a p ressu re  p ropor t iona l ly  h igher  than  t h e  r equ i red  
f i n a l  p ressu re  by t h e  inver se  o f  t h e  volume r a t i o .  The 
h igher  p ressu re  is measured on a 0-58 t o r r ,  bellows-type 
Wallace and Tiernan gauge. The c o n t r o l  volume r a t i o s  a r e  
c a l i b r a t e d  i n  a i r  wi th  a  McLeod p ressure  gauge ( i s o l a t e d  
by a cold  t r a p )  . A Hastings-Raydist thermocouple vacuum 
gauge (0-1 t o r r )  and a  Consolidated Vacuum Corporation 
model GPH - l O O A  cold-cathode i o n i z a t i o n  gauge ( l o w 6  t o  
t o r r )  a r e  used t o  measure p ressu re  i n  t h e  range down 
t o  t h e  u l t i m a t e  p ressu re  of t h e  vacuum system. 
For c o n t r o l l i n g  t h e  impurity l e v e l s ,  two methods a r e  
used. The f i r s t  is  t o  i n j e c t  a pure s p e c i e s  of fo re ign  gas  
by f i l l i n g  t h e  c o n t r o l  volume t o  t h e  requi red  p ressu re  
( i . e , ,  200 t i m e s  t h e  r e s u l t a n t  p a r t i a l  p ressu re  i n  t h e  
shock tube)  of impuri ty  g&s. The primary gas is then 
introduced i n t o  t h e  c o n t r o l  volume and adequate time is 
allowed f o r  thorough mixing be fo re  i n j e c t i o n  i n t o  t h e  t e s t  
s e c t i o n .  Severa l  gas  c y l i n d e r s  and va lves  a r e  loca ted  on 
t h e  c o n t r o l  volume system f o r  convenient ly changing t h e  
d e s i r e d  s p e c i e s  of  gas .  To f a c i l i t a t e  determining smal l  
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pressures  i n  d i f f e r e n t  gases  i n  t h e  c o n t r o l  volume, t h e  
McLeod gauge is employed. 
For @'natural ly-occurr ing" impur i t i e s  ( i, e. , fo re ign  
gas  introduced by outgass ing  and shock-tube l e a k s )  , t h e  
shock-tube t e s t  s e c t i o n  and p ressu re  measurement system is 
pumped t o  a  high vacuum and c losed  o f f ,  Af te r  an i n t e r v a l  
of t i m e  t h e  shock tube  f i l l s  wi th  i m p u r i t i e s  t o  a  predeter -  
mined pressure .  The primary gas  is  then  introduced i n  t h e  
eonventionaP manner. 
A . 5  Natural  Impur i t i e s  Present  i n  t h e  6" Shock Tube 
A s  d iscussed  i n  - t h e  preceeding s e c t i o n ,  t h e  "na tu ra l ly -  
occur r ingw impurity l e v e l  f o r  each run  is  c a l c u l a t e d  by 
f ind ing  t h e  l eak  and out-gassing r a t e  of t h e  shock tube  and 
observing t h e  time e lapsed  between c l o s i n g  t h e  d i f f u s i o n  
pump and b u r s t i n g  t h e  shock tube diaphragm. By connecting 
t h e  shock-tube t e s t  s e c t i o n  d i r e c t l y  t o  t h e  gas  i n l e t  o f  
t h e  spectrometer  ion  source ( see  Appendix B.1) and c l o s i n g  
o f f  t h e  d i f f u s i o n  pump s o  t h e  shock tube  w i l l  l eak  and 
out-gas, t h e  impurity gases  p resen t  i n  t h e  test s e c t i o n  
e n t e r  t h e  ion  source and a r e  analyzed by t h e  mass spec- 
t rometer .  The mass spectrum is  scanned by monitoring (with 
an X-Y r ecorde r )  t h e  i o n i c  c u r r e n t  a s  a func t ion  of  e i t h e r  
t h e  spectrometer magnetic f i e l d  s t r e n g t h  of  a c c e l e r a t i n g  
p o t e n t i a l ,  A t y p i c a l  mass spectrum schematic is shown i n  
f i g u r e  5. 
The r e l a t i v e  abundance of  impur i t i e s  p resen t  i n  t h e  
shock tube depends on which gas previous ly  occupied t h e  
t e s t  s e c t i o n ,  t h e  vacuum l e v e l  t o  which t h e  t e s t  s e c t i o n  is 
pumped, t h e  l eng th  of time t h e  tube had previous ly  been 
exposed t o  atmospheric p ressu re ,  v a r i a t i o n  i n  atmospheric 
humidity, and t h e  p ressu re  i n  t h e  shock tube dur ing  t h e  
mass spectrum scan. I n  genera l ,  t h e  predominant i m p u r i t i e s  
a r e  ( i n  o rde r  of decreas ing  abundance) H2, H20. 02# and 
s e v e r a l  groups of hydrocarbons. The l e v e l  of  water  vapor 
shows t h e  g r e a t e s t  v a r i a t i o n  wi th  i n i t i a l  cond i t ions ,  
sometimes becoming t h e  predominant impurity.  For longer  
t ime i n t e r v a l s  between c l o s i n g  off t h e  test s e c t i o n  and 
sampling i m p u r i t i e s  wi th  t h e  spectrometer ,  t h e  c o n t r i b u t i o n s  
due t o  molecular oxygen and n i t rogen  inc reases  g r e a t l y  
( l eakage) ,  while  t h e  hydrocarbon PeveP remains f a i r l y  
cons tan t ,  a s  expected. The magnitudes of  t h e  i o n i c  c u r r e n t s  
due t o  t h e  r e s i d u a l  gases  i n  t h e  mass spectrometer  i t s e l f  
prevented de terminat ion  of  t h e  extremely small  l e v e l s  of  
impur i t i e s  p r e s e n t  i n  t h e  t e s t  gases  used i n  t h e  shock 
tube.  The spectrometer  background spectrum is  axso shown 
i n  f i g u r e  5. 
A.6 Pressure  Re l i e f  System f o r  t h e  6'"Shock Tube 
A s  w i l l  be  explained i n  Appendix D (Typical  Experi- 
mental ~ r s c e d u r e ) ,  a  movable source s f  ions  is  used to set 
t h e  mass spectrometer  f o r  a s p e c i f i c  mass peak b e f o r e  each 
run ,  The source s l i d e s  ou t  s f  t h e  system, exposing t h e  
i n s i d e  of t h e  shock tube t o  t h e  sampling o r i f i c e s  i n  t h e  
spectrometer ,  Af ter  t h e  shock wave h i t s  the end w a l l  
(sampling ho les )  t h e  s l i d i n g  source moves back i n t o  p lace ,  
c l o s i n g  o f f  t h e  spectrometer  from t h e  shock tube,  The 
su r faces  sf t h e  e l e c t r o n  m u l t i p l i e r  a r e  very s e n s i t i v e  t o  
h igh  gas  p ressu res ,  and t h i s  s e n s i t i v i t y  r e q u i r e s  t h a t  t h e  
source valve c l o s e  a s  r a p i d l y  a s  p o s s i b l e  to i s o l a t e  t h e  
high f i n a l  p ressu re  i n  t h e  shock tube  from t h e  spectrometer .  
The t o l e r a n c e s  of t h e  s l i d i n g  source  a r e  c r i t i c a l .  The 
va lve  must be vacuum t i g h t  y e t  must s l i d e  e a s i l y .  
The f i n a l  p ressu re  a f t e r  an experiment i n  t h e  6" shock 
tube  i s  o f t e n  above one atmosphere. I f  t h i s  p ressu re  
remains high then  t h e  s l i d i n g  va lve  b inds  i n  i t s  t r a c k s  
n e c e s s i t a t i n g  a  method of r e l i e v i n g  t h e  p ressu re  fo rces .  
3 A l a r g e  p ressu re  r e l i e f  tank (14.2 f t  ) was f a b r i c a t e d  
from spare  s e c t i o n s  of t h e  17" shock tube.  This  dump tank 
is  i s o l a t e d  from t h e  shock tube  by an expendable, t h i n  
p l a s t i c  diaphragm. A diaphragm m a t e r i a l  is used such t h a t  
a  p ressu re  s l i g h t l y  l e s s  than  one atmosphere i s  s u f f i c i e n t  
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f o r  rup tu re .  Outgassing o r  leakage o f  t h e  t h i n  diaphragm 
is  found t o  be n e g l i g i b l e  even a t  t h e  extreme vacuum of  t h e  
shock tube.  Operat ing t h e  mass spectrometer  w i t h  and with- 
ou t  t h e  diaphragm system has  no no t i ceab le  effect .  on t h e  
ion c u r r e n t s  observed. Vibra t iona l  movement. of  t h e  shock 
tube dur ing  a  run r e q u i r e s  t h a t  metal  bel lows tubing  be  
used t o  i s o l a t e  t h e  tube  from t h e  tank system. A mechanical 
vacuum pump (exhaust ing through t h e  r o o f )  evacuates  t h e  
tank be fo re  each run  and expels  t h e  hydrogen remaining 
a f t e r  each experiment. 
The mounting l o c a t i o n  of t h e  mass spectrometer system 
a t  t h e  shock tube  end w a l l  r e q u i r e s  t h a t  t h e  dump tank 
connecting Pines be mounted a t  two d i a m e t r i c a l l y  oppos i te  
ins t rumenta t ion  p o r t s  10  crn from t h e  end wal l .  Two p o r t s  
a r e  s u f f i c i e n t  t o  equa l i ze  t h e  p ressu re  i n  l e s s  than  a  
second (see figures 3 and 4 ) .  Since the tube forming 
the entrance t o  the spectrometer sampling region (see 
Appendix B. 1) extends past these ports, the supersonic 
nature of the flow behind the shock wave prevents any 
disturbances created by the ports from propagating back t o  
the entrance of the spectrometer. 
APPENDIX B 
THE MASS SPECTROMETER 
The spectrometer in the present investigation is a 
modification of the Nier (1947) type mass spectrometer 
(Ref. 20). En the following discussion, the physical 
characteristics and operational features of the instrument 
will be given, along with details relevant to the present 
application. 
In principle, the spectrometer is simple (see 
figure 4 ) ,  The spectrometer is located at the end wall 
of the shock tube, sampling the region in front of an 
approaching shock wave, Pons produced by photoionization 
are drawn by an applied electric field into the spectrometer 
and electrically accelerated to a high velocity in a 
collimated beam. The beam is deflected, depending on the 
mass to charge ratio, when it passes through the field of 
a large magnet. Ions of a particular mass then impinge 
upon the exposed cathode of an electron multiplier, The 
measured multiplier current is then directly related $0 
the abundance of the particular ionic species at the end 
wall of the shock tube. An integral ion source is used to 
set the particular mass peak before each run. 
High mass resolution and extremely fast time-response 
are obtained by observing the time history for only one 
mass peak during each run, On the other hand, several runs 
a r e  requi red  t o  ob ta in  t h e  complete spectrum, making dupl i-  
c a t i o n  of experimental  cond i t ions  very important.  
B . l  Physical  C h a r a c t e r i s t i c s  of  t h e  Spectrometer 
To mechanically i s o l a t e  t h e  spectrometer  from t h e  
shock tube,  t h e  spectrometer  is supported from t h e  f l o o r  
and connected t o  t h e  shock tube  by a f l e x i b l e  bellows 
(Fig.  3 ) .  The a c t u a l  end w a l l ,  on which a r e  mounted t h e  
sampling o r i f i c e s ,  is i n s i d e  t h e  spectrometer  s t r u c t u r e ,  
To prevent  flow d i s tu rbances ,  e .g . ,  from t h e  p ressu re  
r e l i e f  system ( s e e  Appendix 24.6) o r  t h e  shock tube end 
wall., a "cookie c u t t e r g '  ( 3 "  diameter s t a i n l e s s  steel 
cy l inder ,  sharpened a t  t h e  open end) extends upstream i n t o  
t h e  shock tube  and c u t s  o u t  t h e  c e n t e r  s e c t i o n  of  t h e  
approaching shock wave. This  s e c t i o n  then  propagates  undis- 
turbed t o  t h e  spedtrsmeter  en t rance ,  a t h i n  diaphragm 
conta in ing  sevdkkik sampling o r i f  i ces .  
I d e a l  sampling occurs  when t h e  csmposit ion of  t h e  
sampled gas  does not  change dur ing  t h e  sampling process ,  
i . e . ,  when t h e  r e a c t i o n s  i n  t h e  sample a r e  frozen from t h e  
region  of sampling t o  eventua l  i o n i c  c u r r e n t  c o l l e c t i o n .  
This can only be accomplished by r a p i d l y  expanding t h e  
sampled gas  t o  a Pow d e n s i t y  without  a l lowing c o l l i s i o n s  
t o  t ake  p lace  (e .g . ,  by free-molecular e f f u s i o n  from an 
o r i f i c e ) .  A c r i t e r i o n  t h a t  must be m e t  f o r  f r e e  molecular 
e f f u s i o n  ( s e e  r e fe rence  37) is  t h a t  t h e  Knudsen number 
Kn > 1 , where Kn = X/d ( X = mean f r e e  pa th  a t  t h e  s o n i c  
p o i n t  i n  an o r i f i c e ,  d  = diameter  of t h e  o r i f i c e ) .  There- 
f o r e ,  t h e  o r i f i c e  diameter should be very small ,  y e t  t h e  
f l u x  ( i o n  c u r r e n t )  through t h e  ho le  must be a s  l a r g e  a s  
p o s s i b l e  t o  ensure t h a t  s i g n a l s  b e  d e t e c t a b l e .  Therefore,  
s e v e r a l  small  diameter o r i f i c e s  a r e  used (up t o  t h i r t y  
0.015 cm diameter  ho les  i n  a  double row a l igned  wi th  t h e  
f i r s t  s l i t  of t h e  spec t rometer ) .  Under t h e  t e s t  cond i t ions  
f o r  t h e  p resen t  i n v e s t i g a t i o n ,  t h e  c r i t e r i o n  is m e t  reason- 
ab ly  w e l l ,  A t y p i c a l  t e s t  condi t ion  shows t h a t  t h e  mean 
f r e e  pa th  f o r  an i n i t i a l  p ressu re  of 0,lOO t o r r  xenon is  
X = 8.053 cm and t h e  o r i f i c e  diameter d = 0.015 cm, s o  
t h a t  Kn - 3.5. 
The l i m i t  on t h e  maximum number of  o r i f i c e s  exposed 
t o  t h e  shock tube  f o r  a p a r t i c u l a r  t e s t  condi t ion  ( i . e . ,  
t h e  l a r g e s t  i o n i c  f l u x )  is such t h a t  ions  i n s i d e  t h e  spec- 
t rometer  w i l l  no t  undergo coPl i s ions  b e f o r e  being c o l l e c t e d  
a t  t h e  cathode of t h e  e l e c t r o n  m u l t i p l i e r .  This r e q u i r e s  
t h a t  t h e  p ressu re  i n s i d e  t h e  mass spectrometer dur ing  an 
experiment m u s t  be  l e s s  than  7 x lom5 t o r r .  A 4" o i l  
d i f f u s i o n  pump ( u l t i m a t e  pressure  -- t o r r )  i s o l a t e d  
from t h e  spectrometer  by a l i q u i d  n i t rogen  cold  t r a p ,  is 
connected d i r e c t l y  t o  t h e  spectrometer tube.  Typica l ly ,  
t h e  pumping system is  s u f f i c i e n t  t o  maintain t h e  r equ i red  
p ressu re  i n  t h e  spectrometer  when t h e  shock tube conta in ing  
xenon a t  0.100 t o r r  is  exposed t o  t h e  spectrometer  through 
1 2  sampling o r i f i c e s .  
A s l i d i n g  rec tangu la r  block ( t h e  "spectrometer  valve")  
con ta ins  both  t h e  sampling o r i f i c e s  and t h e  ion source used 
t o  s e t  a  p a r t i c u l a r  mass peak j u s t  be fo re  a  run ( a  d e t a i l e d  
d e s c r i p t i o n  is  given i n  r e fe rence  20) .  I n  one p o s i t i o n ,  
t h e  ion source is exposed t o  t h e  spectrometer  and t h e  shock 
tube is closed o f f .  I n  t h e  o t h e r  p o s i t i o n ,  t h e  mass spec- 
t rometer  draw ou t  s l i t  is a l igned through t h e  sampling 
o r i f i c e s ,  wi th  t h e  c e n t e r  s f  t h e  i n s i d e  of  t h e  shock tube.  
The spectrometer valve is pneumatically ac tua ted .  Af te r  
each run,  a  s i g n a l  from an osc i l loscope  t u r n s  o f f  t h e  
spectrometer vo l t age  and s t a r t s  t h e  va lve  c los ing .  
The ion source is a small  e l e c t r o n  beam device.  A 
tungsten f i lament  emi ts  e l e c t r o n s  which a r e  acce le ra ted  by 
a p o t e n t i a l  d i f f e r e n c e  and a r e  used t o  ion ize  any n e u t r a l  
atoms introduced i n t o  t h e  source chamber. A mixture of 
gases  may be  analyzed by al lowing a  smal l  amount of  gas  t o  
flow i n t o  t h e  ion source.  Var ia t ion  s f  an independent 
parameter such a s  t h e  magnetic f i e l d  s t r e n g t h  o r  t h e  
a c c e l e r a t i n g  p o t e n t i a l  changes t h e  p a r t i c u l a r  mass peak 
2 be ing  observed ( b a s i c  r e l a t i o n  is m/e - B /V where m/e = 
mass t o  charge r a t i o ,  B = magnetic f i e l d  s t r e n g t h ,  
V = a c c e l e r a t i n g  po ten t i a l ) .  I n p u t t i n g  t h e  e l e c t r o n  multi-  
p l i e r  c u r r e n t  and t h e  varying parameter t o  t h e  X and Y 
inpu t s  o f  an X -  recorder  provides a mass spectrum s f  
t h e  p a r t i c u l a r  f o r e i g n  gas.  I n  t h i s  manner, f o r  example, 
t h e  "na tura l ly-occurr ing"  i m p u r i t i e s  i n  t h e  shock tube  a r e  
determined. 
Ions from e i t h e r  t h i s  source o r  from t h e  sampling 
o r i f i c e s  (when exposed t o  t h e  shock tube)  a r e  a t t r a c t e d  by 
t h e  draw ou t  p l a t e s  (-22 t o  -135 v o l t s )  i n t o  t h e  region  of 
t h e  a c c e l e r a t i n g  s l i t s .  There, t h e  ions  a r e  acce le ra ted  t o  
a p o t e n t i a l  of  from -1000 t o  -2000 v o l t s  and t h e  col l imated  
beam passes  i n t o  t h e  magnetic f i e l d  (100 t o  4500 gauss)  
produced by pass ing  cur ren t  through two l a r g e  magnet c o i l s .  
Current f o r  t h e  c o i l s  i s  suppl ied  by two f a s t  r i se- t ime 
regu la ted  power s u p p l i e s  (PMC ~ n i - 8 8 )  The t u b u l a r  enve- 
lope surrounding t h e  beam is made of nonmagnetic s t a i n l e s s  
s t e e l  and is a t  t h e  same p o t e n t i a l  a s  t h e  a c c e l e r a t o r  
s l i t s  * 
The analyzed and focused ion beam then impinges on 
t h e  r e so lv ing  s l i t  ( t h e  width s f  which determines t h e  
r e s o l b t i o n  of t h e  ins t rument ) ,  and c o l l e c t e d  on t h e  f i r s t  
dynode of t h e  e l ec t ron-mul t ip l i e r ,  By changing s l i t  
dimensions, s e v e r a l  ad jacent  mass peaks may be examined 
c o l l e c t i v e l y ,  o r  ind iv idua l  mass peaks may be  considered 
s e p a r a t e l y .  The mass r e so lv ing  power is  a d j u s t a b l e  from 
1 i n  10 t o  l i n  200. A t y p i c a l  mass spectrum obtained by 
monitoring t h e  ion c u r r e n t  from t h e  source a s  a func t ion  
s f  a v a r i a t i o n  i n  t h e  magnitude s f  t h e  magnetic f i e l d  
(cons tant  a c c e l e r a t i o n  p o t e n t i a l )  is shown i n  f i g u r e  5. 
Likewise, holding the magnetic field strength constant 
and varying the potential would produce a similar 
representation. 
The ten-stage electron multiplier (Dumont SPM 18-01- 
401) is operated at the same potential as the accelerator 
(voltage supplied by a regulated power supply, John Fluke 
Model 412 B). It has a current gain of about 1000 and its 
anode is connected to the input of a fast rise-time opera- 
tional amplifier (Philbrick P25AH) used as a current-to- 
voltage converter, Using this circuit the output is then 
monitored on a Tektronix type E preamplifier and a type 
555 oscilloscope, 
The time response sf the detector system is one 
microsecond, making it a valuable tool in shock-tube 
applications. The time of flight in the spectrometer is 
from 1 to 7 microseconds depending on the acceleration 
potential and the ion mass, The stability sf the power 
supplies for the accelerator and magnet is such that once 
having been set on a particular mass peak there is no 
perceptible drift from that peak for as long as half an 
hour, 
B.2 Operatins Conditions and Limitations of the Mass 
Spectrometer 
The shock tube initial pressure is limited to a 
magnitude such that when the mass spectrometer is con- 
I 
nected to the shock tube through the sampling orifices, 
its pressure must be less than 7 x loW5 torr (collision- 
less flow in the spectrometer). The total area of the 
sampling orifices must ensure observable ionic currents 
in the spectrometer; the higher the initial pressure, the 
fewer the number of sampling holes which may be exposed, 
and correspondingly, the smaller the currents collected. 
In the present investigation the highest shock-tube pres- 
sure feasible under this criteria is 0.500 torr, with 
two 0.615 cm holes forming the sampling openings into the 
spectrometer. This is a practical limit from another 
point of view. At higher test pressures (i.e,, Kn << 1), 
the sampling process becomes more complex, The free 
molecular flow requirement is no longer satisfied, and a 
supersonic free jet is formed in the spectrometer, causing 
an extremely complicated interaction with the accelerator 
electrodes. 
In addition to the initial pressure, a limit also 
exists on the Mach number, The thin diaphragm containing 
the sampling holes is dynamically subjected to the high 
pressures behind the reflected shock wave in the shock 
tube. To prevent rupture, combinations of Mach number and 
initial pressure are used so that the pressure in the 
reflected region is much less than the value (48 psia) to 
which the spectrometer diaphragm has been statically 
tested. The limiting condition is an initial pressure of 
0.500 torr at a Mach number of 16, 
Due t o  t h e  s t r o n g  e l e c t r i c  f i e l d s  i n  t h e  drawout- 
a c c e l e r a t o r  arrangement, only about 0.01 pe rcen t  of  t h e  
ions  drawn i n t o  t h e  spectrometer pass  e n t i r e l y  through 
t h e  ion o p t i c a l  system t o  be c o l l e c t e d  by t h e  e l ec t ron-  
m u l t i p l i e r .  The e x i s t i n g  conf igura t ion  is o p e r a t i o n a l  
f o r  ion d e n s i t i e s  ( i n  t h e  shock tube test s e c t i o n )  o f  
3 from l o 9  ions/cm3 t o  ions/cm . The s ignal - to-noise  
r a t i o  of t h e  e l e c t r o n i c  system determines t h e  Power l i m i t p  
and mutual r epu l s ion  i n  t h e  ion beam l i m i t s  the maximum 
ion d e n s i t y  sampled (Ref, 38) . 
Assuming t h e  shock wave v e l o c i t y  remains cons tan t  i n  
t h e  d i s t a n c e  from t h e  p i e z o e l e c t r i c  gauge t o  t h e  mass 
spectrometer  (34.9 cm) t h e  a r r i v a l  of t h e  shock wave a t  
t h e  mass spectrometer  sampling o r i f i c e  can beldetermined,  
Observation s f  t h e  ion  c u r r e n t  from t h e  mass spectrometer  
a t  shock a r r i v a l  v e r i f i e s  t h e  expected t i m e  i n t e r v a l ,  A t  
t h e  c a l c u l a t e d  a r r i v a l  t ime, a s tep- funct ion  inc rease  i n  
c u r r e n t  i s  observed on t h e  spectrometer  c u r r e n t  output  
(Fig.  2 2 ) ,  probably a t t r i b u t a b l e  t o  a s h o r t - c i r c u i t i n g  
e f f e c t  on t h e  draw-out o r  a c c e l e r a t o r  e l e c t r o d e s  by t h e  
k&ghly ionized plasma behind t h e  shock wave, To prevent  
sub jec t ing  t h e  e l e c t r o n  m u l t i p l i e r  t o  l a r g e  b u r s t s  of 
i o n i c  c u r r e n t  a t  t h i s  time, a pu l se  genera tor  i s  capaci- 
t i v e l y  coupled t o  t h e  draw-out c i r c u i t  t o  pu l se  t h e  
draw-out e l e c t r o d e s  p o s i t i v e l y  (9100 v o l t s )  t o  r e p e l  ions  
away from t h e  sampling holes .  The pu l se  is timed t o  
start at shock reflection and remain on until the high 
voltage on the electron multiplier is automatically 
switched off a few milliseconds later. 
B , 3  Mass Spectrometer Calibration 
The mass spectrometer is basically a qualitative 
instrument, but under the present conditions, a semi- 
empirical calibration may be determined. The calibration 
constant for the spectrometer is defined as the ratis of 
the measured spectrometer current to the ion nuniber density 
in the gas inside the shock tube test section. The ions 
must be drawn into the spectrometer sampling region, accel- 
erated and collimated by the various electrodes, analyzed 
by the magnetic field and then focused and collected by 
the electron multiplier. 
For the conditions of the present investigation 
(Kn > I) free molecular flow may be assumed around the 
region of the sampling orifices, and the ionic flux 
(current) drawn into the sampling orifices may be expressed 
as 
where i = ion current 
D = diameter of sampling hole = 0.015 cm 
n = number of sampling holes exposed 
e = electron charge 
T+= ion temperature (assumed equal to 
neutral atom temperature) = 3 0 0 ~  K
m+= mass of ion 
N+= ion number density 
k = Boltzmann constant, 
The efficiency of the drawout-accelerator configuration 
is found by measuring the ratio of current collected by the 
electron multiplier to that collected by the drawout plates 
and accelerator slits, This factor is experimentally 
4 found to be 2,s x 10- . 
The current gain of the 10-stage electron multiplier 
is a function of the ionic species being collected and the 
potential of the accelerator (beam velocity) and multiplier 
dynodes. In general the gain can be expressed as 
3 f (m+, V) x 10 , and the total calibration constant (collect- 
ing xenon ions, for example) giving the relation between 
current output from the spectrometer and ion density in 
the shock tube is given by 
where f(m+, V) is determined experimentally and 
0.3 < f < 1.5 in the present application. 
APPENDIX C 
THE LANGMUIR DOUBLE PROBE 
Since t h e  mass spectrometer  is  b a s i c a l l y  a q u a l i t a t i v e  
instrument and i t s  c a l i b r a t i o n  cons tan t  ( r e l a t i n g  t h e  
c o l l e c t e d  ion  c u r r e n t  t o  t h e  number dens i ty  i n  t h e  shock 
tube)  is  only a rough approximation, a Eangmuir probe is 
used t o  provide an independent measurement of t h e  number 
d e n s i t y .  Observation of  t h e  t o t a l  ion  c u r r e n t  c o l l e c t e d  
dur ing  each run a s s u r e s  r e p e a t a b i l i t y  of  precursor  ion- 
i z a t i o n  l e v e l s  whi le  t h e  ind iv idua l  c u r r e n t s  a r e  c o l l e c t e d  
by t h e  spectrometer .  
A double probe system t h a t  e s s e n t i a l l y  "f loatsg@at 
t h e  plasma p o t e n t i a l  is used f o r  minimal i n t e r a c t i o n  wi th  
t h e  precursor  plasma. Under p a r t i c u l a r  opera t ing  con- 
d i t i o n s ,  an i n t e r e s t i n g  resonance phenomenon i s  observed, 
which l eads  t o  a f u r t h e r  independent de terminat ion  o f  
nuniber d e n s i t y ,  This  e f f e c t  is  descr ibed  i n  detai l . ,  
C , 1  The Lanqmuir Double Probe A s  a Diaqnost ic  Tool 
The simple e P e c t r o s t a t i c  probe is  a t t r a c t i v e  a s  a 
charged p a r t i c l e  measuring device  i n  a shock tube  s i n c e  
it has s p a t i a l  r e s o l u t i o n  c h a r a c t e r i s t i c  of i t s  dimensions, 
and under c e r t a i n  circumstances,  t h e  c o l l e c t e d  c u r r e n t  
provides a measurement of  t h e  ion  number dens i ty .  The 
double probe technique was first proposed by Johnson and 
I f a l t e r  (Ref. 3 9 ) .  !l%e method makes use  o f  two c o l l e c t i n g  
probes b iased  by a  d i f f e r e n t i a l  vo l t age  ( see  f i g u r e  6 ) .  
The e n t i r e  system i s  e l e c t r i c a l l y  f l o a t i n g  and fo l lows 
t h e  plasma p o t e n t i a l .  A t  any i n s t a n t  t h e  t o t a l  c u r r e n t  
o f  p o s i t i v e  ions  and e l e c t r o n s  flowing t o  t h e  system from 
t h e  plasma i n  t h e  shock tube must be  zero.  
Hn t h e  p resen t  i n v e s t i g a t i o n ,  t h e  probes a r e  b iased  
a t  a  p o t e n t i a l  l a r g e  enough t o  ensure ion  s a t u r a t e d  
c u r r e n t s .  Assuming t h a t  t h e  i o n i c  c u r r e n t  f a l l i n g  on t h e  
probe is  c h a r a c t e r i s t i c  of t h e  random thermal motion i n  
t h e  gas  ahead of  t h e  shock wave, (a reasonable assumption, 
i n  l i g h t  of t h e  Pow d e n s i t y  and temperature) t h e  ion  
number d e n s i t y  is obtained through t h e  r e l a t i o n  ( f r e e  
moBecuBar f Pow) 
where A is the probe su r face  a rea ,  e  is t h e  e l e c t r o n i c  
charge,  m+ is  t h e  i o n i c  m a s s  (The predominant ion  col -  
l e c t e d  j s  determined by t h e  spec t rometer ) ,  T+ is t h e  ion  
temperature (approximately t h e  n e u t r a l  atom tempera ture) ,  
k is Boltzmann's cons tan t ,  and i is  t h e  c u r r e n t  i n  
P  
t h e  negat ive  probe. The requirements f o r  t h e  f r e e  molec- 
u l a r  approximation a r e  t h a t  t h e  mean f r e e  pa th  i n  t h e  
surrounding gas  is  such t h a t  no c o l l i s i o n s  occur i n  t h e  
e l e c t r o s t a t i c  "sheath" ( c h a r a c t e r i s t i c  dimension o f  a  
Debye length)  surrounding each probe, and t h a t  t h e  probe 
radius is smaller than a mean free path. In the present 
investigation, initial pressures are such that the latter 
criterion is only marginally satisfied.* This method of 
obtaining the ion number density with the free molecular 
flow model (even at conditions where the mean free path 
is smaller than the present application) has been recently 
supported by microwave cavity calibration experiments 
(Ref. 40). 
(2.2 Description sf the Probe and its Application 
The probe system consists of two 0.021" diameter 
tungsten wires 0.512" in length, mounted 0.1" apart in a 
metal-ceramic plug. The plug assembly, contained in a thin 
film gauge canister, is mounted in one of the various 
instrumentation ports of the shock tube, the two wires 
lying in a plane perpendicular to the shock tube axis 
(see figure G ) ,  A battery and shunting capacitor supplies 
a constant emf across the two wires. A Tektronix type D 
differential pre-amplifier in conjunction with a type 555 
oscilloscope monitors the potential change across a 100- 
ohm series resistor, yielding the probe ionic current as 
a function of time as the shock wave approaches. Several 
* For initial pressure P1 = 0.100 torr xenon, mean free 
path = 0.5 mrn: for electron number density N, = 10lo ~ m - ~ ,  
Debye length = 0.01 mm; and probe radius = 0.25 mm. 
experiments are conducted to determine the value of bias 
voltage necessary to ensure ion-saturated currents for 
each precursor condition. A potential of -15 volts is 
found sufficient for the highest precursor levels encoun- 
tered in the present investigation. The differential 
voltage across the probes is monitored for the largest 
precursor currents collected and is found to remain 
constant. 
Photoemission from the probe surface is found to be 
negligible by altering the probe orientation with respect 
to the radiation region of the approaching shock wave 
(e,g,, aligning the probe axis with the shock tube axis, 
exposing only the probe ends to the radiating gas), 
changing the probe surface area exposed to diqect radia- 
tion- To epsure that the electric field between the two 
probes does not alter the responses, another mounting 
system is constructed in which the two probes are separated 
by 8.75", Under the same initial conditions the current 
profiles are very nearly the same, 
To assess the effects of the cookie cutter entrance 
to the mass spectrometer, some experiments are run with 
the double probe axes aligned with the shock tube axis, 
In these runs, the probe system is mounted in the end wall 
(in place of the spectrometer), and experiments are run 
first without the coo3cie cutter and then with the probes 
inside the cookie cutter and the current traces are 
compared. I n  g e n e r a l ,  t h e  c u r r e n t s  us ing  t h e  cookie c u t t e r  
a r e  smal ler  than  without t h e  cookie c u t t e r ,  due t o  t h e  
reduced r a d i a t i n g  volume of h o t  gas  behind t h e  shock. For 
a l l  g raph ica l  comparisons o f  probe and spectrometer  cur- 
r e n t s ,  t h e  probe d a t a  a r e  obtained wi th  t h e  double probe 
i n s i d e  t h e  cookie c u t t e r  i n  t h e  same p o s i t i o n  a s  t h e  
sampling o r i f i c e s .  
C.3 Measurements of Number Density wi th  a Mexican Radio 
S t a t i o n  
For c e r t a i n  condi t ions  e x i s t i n g  dur ing  t h e  shock tube 
experiments,  a smal l  l o c a l i z e d  p e r t u r b a t i o n  is observed on 
t h e  double probe precursor  s i g n a l  ( s e e  Figs .  2 3 ,  2 4 ) -  Examina- 
t i o n  o f  s i m i l a r  experiments i n  both  t h e  6" shock tube  and 
t h e  GALCIT 3.7" shock tube d i s c l o s e s  t h e  phenomenon sccur-  
r i n g  on t h e  s i g n a l  from t h e  e l ec t ros ta t i ca l ly -exposed  
th in - f i lm s i d e  w a l l  gauges used t o  monitor shock pos i t ion .*  
Under p a r t i c u l a r  circumstances ( i - e . ,  low pressure ,  - P1 - 
0.120 t o r r  xenon, Ms = 18.5. spectrometer  draw-out 
p o t e n t i a l  = 44 v o l t s ) ,  t h e  mass spectrometer  t r a c e s  show 
t h e  same "bump", During h igh  Mach number experiments 
us ing  an e l e c t r o n  beam appara tus  i n  t h e  17" shock tube ,  
t h e  i n t e r a c t i o n  of t h e  e l e c t r o n  beam with t h e  precursor  
y i e l d s  a per turbed s i g n a l  s i m i l a r  t o  t h e  double probe 
*@ompare, f o r  example, GALCIT 6" shock tube run 632 
(Apr i l  18, 1968) with GAECIT 17" shock tube run 1903 
(Apr i l  5 ,  1966) a [These unpublished records  a r e  a v a i l a b l e  
i n  t h e  l abora to ry  log  books s f  t h e  r e s p e c t i v e  f a c i l i t i e s . ]  
s i g n a l  i n  t h e  6" shock tube.* A s  cond i t ions  a r e  v a r i e d ,  
(e.g. ,  i n i t i a l  p ressu re  and Mach number), t h e  p e r t u r b a t i o n  
i s  observed t o  s h i f t  with r e s p e c t  t o  t h e  shock wave loca t ion ,  
b u t  remains a t  approximately t h e  same abso lu te  magnitude of  
probe ion c u r r e n t  ( i . e . ,  ion number d e n s i t y ) ,  
S t  i s  w e l l  known t h a t  t h e  c u r r e n t  from a high- 
frequency d r i v e n  Eangmuir probe immersed i n  a  plasma 
e x h i b i t s  a  s h a r p  peak a t  t h e  frequency corresponding t o  
t h e  e l e c t r o n  plasma frequency sf t h e  plasma (see f o r  
example, r e fe rence  4 1 ) -  Since t h e  e l e c t r o n  plasma 
frequency is d i r e c t l y  r e l a t e d  t o  t h e  e l e c t r o n  number 
d e n s i t y ,  d e t e c t i o n  of e l e c t r o n  resonance i n  a  plasma y i e l d s  
a  de terminat ion  of t h e  nuniber d e n s i t y .  
Recently,  resonance behavior  has  been observed near  
t h e  ion  plasma frequency i n  gas  plasmas produced by 
e l e c t r i c a l  d ischarges  (Refs,  42,  43) .  Because of t h e  
much lower f requencies  involved, a p p l i c a t i o n  o f  an ion 
resonance probe would be very a t t r a c t i v e  i n  shock tube  
flows, 
"GAECIT 97" shock tube  runs  2476-2487, (May 4 - May 7 ,  
1967). 
I 
The e l e c t r o n  resonance probe technique is schemati- 
c a l l y  represented  a s  
The s teady state plasma behaves induc t ive ly  and t h e  shea th  
D.C. BIAS 
r eg ion  c l o s e  to t h e  probe capac ik ive ly ,  When a high 
CAPACITOR OSCILLATOR 
frequency s i g n a l  is imposed on t h e  probe by an  o s c i l l a t o r ,  
a s e r i e s  resonance occurs  i n  t h e  plasma a t  t h e  e l e c t r o n  
plasma frequency. A t  resonance, t h e  high frequency 
e l e c t r i c  f i e l d  occurr ing  near %he probe i n  t h e  plasma 
causes an increased r e c t i f i e d  c u r r e n t  t o  flow i n t o  the 
probe c i r c u i t .  The e l e c t r o n  plasma frequency is r e l a t e d  
t o  t h e  e l e c t r o n  number d e n s i t y  by 
where w = e l e c t r o n  plasma frequency 
e  
e  = e l e c t r o n i c  charge 
N - = e l e c t r o n  number d e n s i t y  
C = p e r m i t t i v i t y  of  f r e e  space 
0 
m = mass of  e l e c t r o n .  
e 
For an ion  resonance probe t h e  probe is b iased  nega- 
t i v e l y  and t h e  ion  plasma frequency is given by 
Two modes of opera t ion  a r e  suggested.  An imposed frequency 
scan with an e l e c t r o n i c  o s c i l l a t o r  i n  a  s teady s t a t e  plasma 
( f ixed  ion  number d e n s i t y )  would r e s u l t  i n  a  peak i n  t h e  
ion  c u r r e n t  a t  t h e  frequency corresponding t o  t h e  c o r r e c t  
numbex d e n s i t y ,  A l t e r n a t i v e l y ,  f o r  a  cons tan t  imposed 
frequency, a  temporal v a r i a t i o n  i n  ion number d e n s i t y  
would r e s u l t  i n  a change i n  t h e  c u r r e n t  a t  t h e  d e n s i t y  
corresponding t o  t h e  r e l a t e d  i o n i c  frequency. This  ap- 
proaches t h e  condi t ions  i n  t h e  shock tube.  The double 
probe ( s e e  f i g u r e  6 )  is subjec ted  t o  an inc reas ing  ion  
number d e n s i t y  i n  t h e  precursor  a s  t h e  shock wave ap- 
proaches. I f  a cons tant  e x t e r n a l  f o r c i n g  frequency were 
imposed (coupled to t h e  probe c i r c u i t  o r  plasma) t h e  probe 
might r e sona te  when a p a r t i c u l a r  number d e n s i t y  occurred 
near  t h e  probe. Observation of  t h e  coPSected c u r r e n t  
should al low determinat ion of  t h e  ion  number d e n s i t y  a t  
t h a t  i n s t a n t ,  t hus  i n f e r r i n g  t h e  c o r r e c t  probe current -  
number d e n s i t y  c a l i b r a t i o n  r e l a t i o n .  
~t was found t h a t  the  ground re fe rence  ( see  f i g u r e  25) 
f o r  t h e  e l e c t r i c a l  systems i n  both  shock tube  f a c i l i t i e s  
o s c i l l a t e s  (frequency - MHz) w i th  a  magnitude of about 100 
m i l l i v o l t s  ( v a r i a b l e  from day t o  day) .  Most of t h e  no i se  
is  a t t r i b u t e d  t o  a  l o c a l  r a d i o  t r a n s m i t t e r  (mainly p laying  
Spanish music).  A b r i e f  prearranged i n t e r r u p t i o n  of  
t ransmiss ion  power a t  3 AM one morning r e s u l t e d  i n  t h e  
disappearance of  approximately th ree - four ths  of t h e  no i se  
magnitude and predominant frequency. 
It is pos tu la ted  $hat t h i s  high frequency s i g n a l  
imposed on t h e  shock tube and assoc ia ted  c i r c u i t r y  g i v e s  
r i s e  t o  t h e  r equ i red  f o r c i n g  frequency f o r  t h e  ion 
resonance e f f e c t .  A s  t h e  ion number d e n s i t y  inc reases  
due t o  t h e  precursor  ahead of a s t r o n g  shock wave, t h e  
number d e n s i t y  r a p i d l y  passes  through t h e  va lve  corre-  
sponding t o  t h a t  frequency resonance, r e s u l t i n g  i n  a 
small  change i n  t h e  c u r r e n t  c o l l e c t i o n  by t h e  probe. 
Changing t h e  precursor  l e v e l  corresponding t o  t h i s  
p a r t i c u l a r  number d e n s i t y  with r e s p e c t  t o  i t s  d i s t a n c e  
from t h e  shock wave (e.9. , changing t h e  shock Mach number) 
should r e s u l t  i n  a  r e l a t i v e  s h i f t  i n  t h e  observed "bump", 
This  is experimental ly  r e a l i z e d .  
That t h e  phenomena is  not  due t o  a p o t e n t i a l  o r  
induced e f f e c t  is  v e r i f i e d  by covering t h e  double probe 
wi th  i n s u l a t i n g  s leeves .  The "bump" and t h e  c o l l e c t e d  
c u r r e n t  d isappear ,  implying t h e  phenomena i s  assoc ia ted  
wi th  t h e  phys ica l  c o l l e c t i o n  of  charged p a r t i c l e s  on t h e  
probe. A t  i n i t i a l  test  p ressu res  above 0.300 t o r r  t h e  
d i s tu rbance  becomes n e g l i g i b l e ,  sugges t ing  c o l l i s i o n a l  
damping i n  t h e  probe sheath region.  Also, a convent ional  
Eangmuir probe ( i . e . ,  one probe i n  s e r i e s  wi th  a b a t t e r y )  
is  b iased  nega t ive ly  and p o s i t i v e l y  a t  d i f f e r e n t  vol tages .  
The peak i s  a l s o  observed f o r  t h i s  probe, and it  becomes 
sharper  a t  lower p o t e n t i a l s  and becomes l e s s  pronounced a t  
h igher  p o t e n t i a l s .  
Examination o f  t h e  p e r t u r b a t i o n  with a Tektronix type  
l O A l  d i f f e r e n t i a l  ampl i f i e r  (bandwith 40 MHz) and a type  
6478 s s c i l l o s c o p e  shows high frequency s s c i % l a t i o n s  s f  t h e  
c u r r e n t  i n  %he reg ion  of t h e  "bump" (see f i g u r e s  24 ,  2 6 ) .  
Actua l ly ,  t h e  high frequency no i se  on t h e  e l e c t r i c a l  
ground sometimes appears modulated. Modulationed envelopes 
a r e  a l s o  exh ib i t ed  i n  the  f a s t  r i se- t ime records  of t h e  
probe cur ren t .  Higher frequency components of  l e s s e r  
magnitude a r e  a l s o  observed on t h e  primary frequency on 
bo th  t h e  shock tube ground and t h e  probe c u r r e n t  pe r tu r -  
ba t ion .  
Assuming t h i s  phenomena can b e  i n t e r p r e t e d  a s  an ion 
resonance, an es t ima te  of t h e  ion number d e n s i t y  could be 
obtained.  The predominant frequency observed on t h e  
ground is about 1.3 MHz ( see  f i g u r e  25)- Solving t h e  
r e l a t i o n  between frequency and n u d e r  d e n s i t y  (equat ion ~ 3 ) ,  
t h e  p e r t u r b a t i o n  should occur a t  about 
Using t h e  c u r r e n t  c o l l e c t e d ,  exc lus ive  o f  t h e  loca l -  
ized  p e r t u r b a t i o n s ,  a s  c h a r a c t e r i s t i c  of  t h e  random thermal 
i o n i c  c u r r e n t ,  ( a s  given i n  equat ion C l ) ,  a value 
N+ -- 2 x 10 ( ~ r n - ~ }  (c5) 
is obtained a t  t h e  pe r tu rba t ion .  
It is amusing t o . u s e  t h e  ion-resonance e f f e c t  a s  a  
c a l i b r a t i o n  re fe rence  f o r  t h e  double probe. I f  t h e  magni- 
tude  of  t h e  ion-saturated c u r r e n t  is  r e l a t e d  t o  t h e  ion  
d e n s i t y  a t  t h e  po in t  corresponding t o  %he d e n s i t y  a t  ion  
resonance ((241, t h e  probe c u r r e n t  p r o f i l e  (dashed l i n e )  
f a l l s  d i r e c t l y  on t h e  xenon i o n i c  c u r r e n t  p r o f i l e  of t h e  
mass spectrometer (us ing  t h e  spectrometer c a l i b r a t i o n  
cons tan t  d iscussed  i n  Appendix B. 3) a s  shown i n  f i g u r e  27. 
The l o c a t i o n  of  t h e  resonance-perturbat ion i d  ind ica ted  
on t h e  diagram. 
APPENDIX D 
TYPICAL EXPERIMENTAL PROCEDURE 
Only one mass peak is observed dur ing  each run i n  
t h e  shock tube .  A continuous time h i s t o r y  of a  p a r t i c u l a r  
ion  abundance i s  obtained a s  t h e  shock wave approaches t h e  
spectrometer  sampling region.  Sample osc i l lograms f o r  two 
d i f f e r e n t  mass peaks a t  t h e  same i n i t i a l  cond i t ions  a r e  
shown i n  f i g u r e  22 .  The t r a c e s  show t h e  inc rease  i n  a  
s e l e c t e d  i o n i c  c u r r e n t ,  t h e  c u r r e n t  reaching  a  maximum a t  
shoclc r e f l e c t i o n .  Assuming t h e  shock v e l o c i t y  Us is 
cons tan t  i n  t h e  t i m e  t represented  by t h e  osci8logram, 
t h e  c u r r e n t  a t  a  p a r t i c u l a r  d i s t a n c e  x from t h e  shock 
wave may be determined by the t ransformat ion  x  = U s t  . 
The s c a l e  between t h e  t r a c e s  shows t h e  proper correspon- 
dence between t h e  t ime coordina tes  i n  t h e  osc i l logram and 
t h e  d i s t a n c e  from t h e  shock wave, The Bower t r a c e  exem- 
p l i f i e s  t h e  maximum s e n s i t i v i t y  of  t h e  spectrometer .  
To o b t a i n  a complete mass spectrum, s e v e r a l  runs  a t  
t h e  same i n i t i a l  condi t ions  must be made, Use of  a  low 
r e s o l u t i o n  image s l i t  permi ts  l a r g e  i n t e r v a l s  of t h e  
spectrum (e.g., r e s o l v i n g  power of l i n  10) t o  be examined 
dur ing  a  s i n g l e  run,  d e f i n i n g  a r e a s  o f  i n t e r e s t  which 
should be s tud ied  wi th  higher  r e s o l u t i o n ,  
The appropr ia t e  diaphragm and k n i f e  b lades  a r e  in- 
s t a l l e d ,  and t h e  d r i v e r  and t e s t  s e c t i o n s  a r e  mechanically 
pumped t o  a  few microns, The d r i v e r  is  f i l l e d  wi th  t h e  
appropr ia t e  gas  t o  over atmospheric p ressu re  and t h e  l eak  
r a t e  observed. The output  from t h e  spectrometer  e l e c t r o n  
m u l t i p l i e r  (us ing  t h e  movable electron-beam ion  source)  is  
d isp layed on an X-Y r ecorde r ,  and t h e  appropr ia t e  mass peak 
is  resolved ,  The ion  source is  removed, exposing t h e  
sampling o r i f i c e s  t o  t h e  shock tube,  and t h e  p ressu re  i n  
%he shock tube  is again measured, Hf na tura l ly-occurr ing  
impur i t i e s  a r e  t o  be  s tud ied ,  t h e  d i f f u s i o n  pump is closed 
o f f  and t h e  t e s t  s e c t i o n  is allowed t o  leak  and out-gas t o  
t h e  requi red  Bevel. I f  c o n t r o l l e d  amounts of  known impuri- 
t ies  a r e  t o  be  used, t h e  impyrity s p e c i e s  a r e  introduced 
s imultaneously with t h e  primary gas,  If s t u d i e s  a r e  t o  be 
made a t  t h e  lowest p o s s i b l e  impuri ty  PeveB, t h e  t e s t  
s e c t i o n  is f lushed wi th  xenon and repumped w i t h  t h e  
d i f f u s i o n  pump. The primary gas  (and impur i t i e s ,  i f  
intended) is then  introduced i n t o  the  t e s t  s e c t i o n ,  To 
minimize t h e  amount s f  impur i t i e s  which Peaks i n t o  t h e  
shock tube a f t e r  in t roduc t ion  o f  t h e  primary gas ,  t h e  time 
e lapsed  between opening t h e  c o n t r o l  volume and b u r s t i n g  
t h e  shock tube diaphragm is k e p t  a s  s h o r t  a s  p o s s i b l e ,  
u s u a l l y  less than one minute. The e l e c t r o n i c  instrumenta- 
t i o n  is rechecked (e .g, ,  o sc i l loscopes ,  a m p l i f i e r s ,  
no i se  l e v e l s ,  e t c . )  while  t h e  d r i v e r  is being pressur ized .  
The precursor  s i g n a l  t r i g g e r s  one of t h e  osc i l loscopes  
which s t a r t s  t h e  remainder of  t h e  ins t rumenta t ion  sequence. 
The responses of  t h e  t h i n  f i l m  gauges, t h e  p i e z o e l e c t r i c  
c r y s t a l ,  t h e  double probe and t h e  mass spectrometer  a r e  
a l l  d isp layed on o s c i l ~ o s e o p e s  and recorded on Polaroid 
f i lm.  
A few microseconds a f t e r  t h e  shock wave r e f l e c t s  from 
sampling o r i f i c e  diaphragm, a t r i g g e r  s i g n a l  from an 
osc i l loscope  pu l ses  t h e  draw-out e l e c t r o d e  p o s i t i v e l y  ( t o  
r e p e l  t h e  l a r g e  concent ra t ions  of ions  generated by t h e  
r e f l e c t e d  shock wave and thus  p r o t e c t  t h e  e l e c t r o n  multi-  
p l i e r ) ,  t u r n s  o f f  t h e  a c c e l e r a t o r  and e l e c t r o n  m u l t i p l i e r  
vo l t age ,  and i n i t i a t e s  c l o s u r e  of the spectrometer  valve. 
APPENDIX E 
THEORY OF PHOTOIONIZATION 
A s i m p l i f i e d  ve r s ion  of t h e  t h e o r e t i c a l  t rea tment  of 
r ad ia t ion-  induced precursors  i n  impure xenon w i l l  be  pre- 
sented .  The a n a l y s i s  is  s i m i l a r  t o  Dobbins' (Ref. 18) f o r  
pure argon and re fe rences  t o  h i s  work w i l l  be made f r e e l y .  
Radia t ive  models w i l l  be developed along the l i n e s  of those  
of  r e fe rence  44. The u t i l i z a t i o n  s f  experimental  d a t a  w i l l  
be  made whenever a v a i l a b l e ,  otherwise conservat ive  e s t ima tes  
o r  assumptions w i l l  be  used. The genera l  problem of  radia-  
t i v e  energy t r a n s f e r  app l i cab le  t o  t h e  p resen t  geometry w i l l  
be presented ,  followed by a cons ide ra t ion  o f  t h e  va r ious  
p o s s i b l e  mechanisms f o r  photo ioniza t ion .  
16.1 I o n i z a t i o n  Ahead of  a Stronq Shock Wave 
W s t rong  shock wave propagates down a shock tube  of 
c i r c u l a r  c r o s s  s e c t i o n  i n t o  an undisturbed gas.  The f rozen  
shock f r o n t  ( region  of t r a n s l a t i o n a l  r e l a x a t i o n )  is followed 
by a  region  of  chemical non-equilibrium where i o n i z a t i o n  
e q u i l i b r a t e s  wi th  t h e  t r a n s l a t i o n a l  degrees.  This is  
folEowed by a h ighly  ionized,  s t rong ly  r a d i a t i n g  zone i n  
thermodynamic equi l ibr ium,  where t h e  s t a t e  of  t h e  shocked 
gas  is given by equi1ibrium thermodynamics. The l eng th  of  
t h i s  equi l ibr ium region  is terminated by t h e  cold  d r iven  
gas ( con tac t  s u r f a c e ) .  
By neg lec t ing  t h e  absorpt ion  and re-emission i n  t h e  
non-equilibrium region  ( t h e  shock Mach numbers f o r  t h e  
cond i t ions  t o  b e  considered i n s u r e  t h a t  t h e  r e l a x a t i o n  time 
f o r  i o n i z a t i o n  e q u i l  ibrium w i l l  be  b r i e f ,  i . e . ,  t h e  non- 
1 1  I 
equi l ibr ium zone w i l l  be very s h o r t  i n  length*) t h e  
r a d i a t i o n  problem reduces t o  determining t h e  i o n i z a t i o n  
l e v e l  i n  a  co ld  gas  flowing i n t o  a c y l i n d r i c a l  volume of  a  
, 0 0  
r a d i a t i n g  gas  ( i n  shock f ixed  coordina tes)  a s  shown i n  
f i g u r e  16. The length  d is  t h e  d i s t a n c e  from t h e  equi- 
l ib r ium i o n i z a t i o n  " f r o n t "  t o  t h e  con tac t  s u r f a c e  i n  t h e  
shock tube ,  and Us is t h e  shock v e l o c i t y .  The symbols 
and @ r e f e r  t o  t h e  region  ahead of  t h e  shock and 
behind t h e  shock (assuming immediate i o n i z a t i o n  re laxakion)  , 
r e spec t ive ly .  
A s  has  been d iscussed ,  t h e  presence of p o s i t i v e  ions  
a t  l a r g e  d i s t a n c e s  upstream s f  t h e  shock wave can b e  
a t t r i b u t e d  t o  photo ioniza t ion  caused .by t h e  i n t e n s e  rad ia -  
t i o n  from t h e  region  downstream of t h e  shock, The 
conservat ion equat ion  f o r  Pons i n  t h e  precursor  reg ion  
ahead of t h e  shock is 
where N+, s, N, a r e  t h e  ion ,  n e u t r a l  atom, and e x c i t e d  
atom number d e n s i t i e s ,  r e s p e c t i v e l y  ( t h e  s u b s c r i p t s  o ,  *, 
*Typically,  3 c m  i n  length:  s e e  LR i n  Table 1. 
and i symbolize t h e  ground, e x c i t e d ,  and ionized  energy 
s t a t e s  of an atom). The Roi source term is  t h e  photo- 
i o n i z a t i o n  r a t e  (pe r  ground s t a t e  atom) from t h e  ground 
s t a t e  t o  t h e  ionized  s t a t e ,  and R,i is t h e  photoisniza-  
t i o n  r a t e  (pe r  exc i t ed  atom) from t h e  e x c i t e d  s t a t e  to the  
ionized s t a t e ,  For t h e  flow v e l o c i t i e s  and d e n s i t i e s  under 
cons ide ra t ion ,  recombination i n  t h e  precursor  reg ion  may be 
ignored,  s o  t h e r e  is  no s i n k  term. On t h e  l e f t  s i d e  of t h e  
equat ion,  d i f f u s i o n  of ions  from t h e  shocked region  and 
movement of  t h e  ions  r e l a t i v e  t o  t h e  shock due t o  e l e c t r i c  
f i e l d s  a r e  neglec ted;  t h e  only t e r m  remaining is  t h e  
) i l l  
express ion  f o r  convection. 
For t h e  number of e x c i t e d  atoms ahead of  a shock wave, 
another  equat ion  is needed; a s i m i l a r  c s n s e ~ v a t i o n  equat ion 
f o r  e x c i t e d  s t a t e  atoms is 
where Ro, is t h e  pho toexc i t a t ion  r a t e  (pe r  u n i t  volume) 
from t h e  ground s t a t e  (hence p ropor t iona l  t o  N~). R,o 
(de-exci ta t  ion r a t e )  is t h e  E i n s t e i n  c o e f f i c i e n t  f o r  spon- 
taneous emission mul t ip l i ed  by a s u i t a b l e  f a c t o r  t o  inc lude  
t h e  e f f e c t s  of r a d i a t i o n  t r app ing-  I n  equat ion (E2) 
d e p l e t i o n  by photo ioniza t ion  of  e x c i t e d  s t a t e  atoms has  
been neglected i n  comparison wi th  t h e  o t h e r  terms. 
Evaluat ion of  t h e  va r ious  r a t e s  r e q u i r e s  a  determina- 
t i o n  of t h e  r a d i a t i o n  i n t e n s i t y  propagat ing ahead of  t h e  
shocked gas.  Using t h e  conf igura t ion  shown i n  f i g u r e  l 6  
i n  t h e  quasi-s teady s t a t e ,  ( i . e . ,  t h e  flow t i m e  s c a l e s  
a r e  l a r g e  compared wi th  r a d i a t i v e  time s c a l e s )  r a d i a t i o n  
emanating from a small. element i n  t h e  shocked gas  ( e q u i l i -  
brium temperature and d e n s i t y  a r e  known) is considered. 
I t  can be  shown (Ref. 44) t h a t  t h e  average s p e c t r a l  i n t e n s i t y  
a t  a  p o i n t  on t h e  a x i s  and i n  f r o n t  o f  ehe c y l i n d r i c a l  
s l u g  of ho t  gas  is  given by 
which c h a r a c t e r i z e s  t h e  complete r a d i a t i o n  behavior f o r  
t h e  given geometry (symbols a rk  shown i n  f i g u r e  1 6 ) .  
Bv i s  t h e  blackbody s p e c t r a l  i n t e n s i t y ,  '@ a r e  t h e  
K\p @ 
e f f e c t i v e  absorpt ion  c o e f f i c i e n t s  which include t h e  
absorpt ion ,  and induced and spontaneous emission i n  t h e  
regions  @ ( s c a t t e r i n g  is n e g l e c t e d ) ,  The l a s t  
exponent ia l  term i n  t h e  equat ion is due t o  t h e  a t t e n u a t i o n  
of  r a d i a t i o n  i n  t h e  cold gas ,  (region@)). The remaining 
p a r t  of t h e  i n t e g r a l  g ives  t h e  source of r a d i a t i o n  i n  t h e  
ho t  gas ,  
The r a t e s  of photo ioniza t ion  and pho toexc i t a t ion  i n  
equat ions  ( E l )  and (E2) may now be  found by us ing  ap- 
p r o p r i a t e  c r o s s  s e c t i o n s  f o r  t h e  mechanisms involved and 
the local radiation intensity from equation (E3) , 
Consideration of solutions to the complete equations 
would give us an estimate of the ion number density as a 
function of distance from the shocked gas, for comparison 
with the experimental results. Such complete solutions 
are very lengthy and require strong assumptions especial- 
ly because of the unavailability sf experimental data, 
but considerations of portions of the complete equations 
yield interesting conclusions about the nature of pre- 
cursors. In general, the equation may be divided into 
two main parts, one dealing with one-step photoionization 
of the primary gas and impurities, and the other con- 
sidering photoexcitation and multi-step ionization of 
the primary gas, 
E.2 One-Step Photoionization of Xenon and Impurities 
Consideration of only the first term on the right 
hand side sf equation (El) allows the caBcuPation of 
one-step photoionization, i.e,, the rate of absorption 
of photons of sufficient energy to cause direct ioniza- 
tion of ground state atoms. Considering radiation with 
frequency higher than the frequency at the photoioniza- 
tional edge (voi) of a gas species, the rate of 
absorption per ground state atom of photons sf frequency 
[ J::xl Qsi(V)dv 
%i (x) = 4Tr 0 
where Jv (x) is given by equat ion  (E3) , and Qoi ( V )  is  
t h e  c r o s s  s e c t i o n  f o r  photo ioniza t ion  of  t h e  ground s t a t e  
atom. S u b s t i t u t i o n  of  equat ion  (E4)  i n t o  equat ion  ( E l )  
would y i e l d  t h e  degree of i o n i z a t i o n  ahead o f  t h e  shock 
I 
wave; however, experimental  d a t a  f o r  K , t h e  e f f e c t i v e  
v 
absorpt ion  c o e f f i c i e n t ,  is v i r t u a l l y  non-exis tant .  It is 
a t  t h i s  po in t  t h a t  assumptions must be made. 
I n  t h e  s p e c t r a l  reg ion  of i n t e r e s t ,  voi 5 V s 
(e.g. ,  hoi - l000A ) , t h e  product o f  absorpt ion  c o e f f i c i e n t  
and depth of  h o t  gas ,  d , w i l l  be  Barge enough t o  permit 
t h e  assumption t h a t  t h e  shocked gas  r a d i a t e s  a s  a b lack  body, 
P.e.,  khe reg ion  is o p t i c a l l y  t h i c k ,  The in tegra l .  over S 
w i l l  then  y i e l d  only t h e  blackbody s p e c t r a l  i n t e n s i t y .  I n  




is  t h e  absorpt ion  Kv 
c o e f f i c i e n t  i n  t h e  cold  g a s ) ,  i .e , ,  self-emission can be  
neglected because t h e  atomic e x c i t a t i o n  ene rg ies  are much 
g r e a t e r  than  t h e  thermal ene rg ies  of t h e  gas  ahead of t h e  
hv  shock f r o n t  s o  t h a t  .= >> 1 (d i scuss ion  of t h e  c o e f f i -  
c i e n t s  w i l l  be found i n  r e fe rence  44) .  
Cer ta in ly ,  a t  t h e  high ene rg ies  considered h e r e ,  t h e  
blackbody photon d i s t r i b u t i o n  is dominated by t h e  Boltzmann 
f a c t o r  e x p ( - h v / k ~ )  , whatever t h e  o p t i c a l  th ickness .  I n  
t h e  high energy l i m i t  ( i . e . .  f o r  v 2 voi >> -ji- kp ) t h e  
Planck blackbody func t ion  may be  w r i t t e n  
Using t h e  above assumptions and s i m p l i f i c a t i o n s ,  
equat ion (E3) may be w r i t t e n  (expressing s o l i d  angles  
i n  terms of p o l a r  angles)  
where i s  t h e  angle  subtended from t h e  a x i s  t o  t h e  
edge of  t h e  shock ( s i n c e  only t h e  shock f r o n t  i s  now 
considered a s  t h e  blackbody r a d i a t i o n  source ) .  Using 
equat ion (E5) i n  equat ion ( E 4 )  and cons ider ing  only 
t h e  f i r s t  term i n  equat ion ( E l )  ( i . e . ,  one-step photo- 
i o n i z a t i o n )  , and making s u i t a b l e  t ransformat ions ,  t h e  ion  
number d e n s i t y  may be w r i t t e n  
rl 
max w 
2 -hv/k!I@ N+(r l )  = v Qoi ( v I ~  dv 
(E6) 
where 
X q  = -  
R 
a 7,) = Kv qR = Qoi ( v )  N ~ ~ R  = s p e c t r a l  o p t i c a l  depth. 
The i n t e g r a l  over a r i s e s  from equat ion  ( E l )  from 
which t h e  ion  d i s t r i b u t i o n  is  found i n  t h e  i n t e r v a l  q 
(dimensionless number of r a d i i  upstream of t h e  shocked gas)  
to qmax where qmax is t h e  d i s t a n c e  from t h e  shocked 
gas  a t  t h e  t ime it i s  f i r s t  formed t o  t h e  l o c a t i o n  where 
t h e  number d e n s i t y  is  observed ( t h e  boundary cond i t ion  
be ing  N+ ( qmax ) = 0 ) .  Thus, T,, corresponds t o  a 
d i s t a n c e  somewhat s h o r t e r  than  t h e  shock tube  l eng th ;  
however, c a l c u l a t i o n s  i n  which d i f f e r e n t  va lues  of  t h e  
parameter a r e  used, shows t h a t  t h e  number d e n s i t y  is f a i r l y  
i n s e n s i t i v e  f o r  va lues  of qmax > PO8 . 
Ref lec t ion  and absorpt ion  of  r a d i a t i o n  from t h e  w a l l s  
of  t h e  shock tube would augment t h e  r a d i a t i o n  i n t e n s i t y  i n  
equat ion (E6) , I n  genera l ,  t h e  r e f l e c t i o n  c o e f f i c i e n t  
w i l l  be a  func t ion  o f  V , t h e  r a d i a t i o n  frequency, and 
t h e  p r o p e r t i e s  of  t h e  wal l .  Due t o  a  l ack  s f  t h e o r e t i c a l  
o r  experimental  s t u d i e s  of t h i s  problem ( e s p e c i a l l y  i n  t h e  
u l t r a v i o l e t  s p e c t r a l  region considered h e r e ) ,  t h i s  e f f e c t  
w i l l  n e c e s s a r i l y  be neglected.  C e r t a i n l y ,  t h e  o v e r a l l  
i o n i z a t i o n  l e v e l  w i l l  b e  increased because of  t h e  a d d i t i o n a l  
photons a v a i l a b l e .  
I n  cons ider ing  t h e  i n t e r a c t i o n  between xenon and 
impurity gas ,  a "quenching" c o l l i s i o n  (between an e x c i t e d  
xenon atom and a  fo re ign  gas  molecule) i n  which some o r  a l l  
of  t h e  e x c i t a t i o n  energy is t r a n s f e r r e d  t o  t h e  impuri ty  
molecule i s  poss ib le ,  r e s u l t i n g  i n  a r a d i a t i o n l e s s  
de-excitation of the xenon atom, At the gas densities and 
velocities considered here, this effect will be neglected. 
Several inferences may be made from equation (E6) 
about the general nature of the one-step photoionization 
mechanism. The exponential integral terms (in square 
parenthesis) in equation (E6)  primarily represent attenua- 
tion in the cold gas due to absorption and 1/x2 decay 
due to shock tube geometry. The remaining portion 
represents the source of radiation at the shock front, 
Thus far the formulation is general with regard to 
composition and may be used to calculate impurity as well 
as primary gas ionization levels. Substitution of the 
appropriate values (e.g., cross sections, temperature, etc.) 
give independent ion distributions, provided the cross 
section spectral intervals do not overlap. Experimental 
photoionization cross sections are available for xenon and 
several impurity gases, and the 'temperature in region 
can be determined from equilibrium thermodynamics. The 
initial nuniber density is known and the shock velocity is 
found experimentally. 
The most important parameter in the formulation is 
the optical depth T The inverse of the optical thick- 
V 
ness is a measure of the radiatisn mean free path, i.e., 
the average distance traverqed by a photon of frequency 
v before it is absorbed. If both the photoionization 
cross section and the neutral atom number density (initial 
pressure )  a r e  l a r g e ,  t h e  ion  d e n s i t y  f a l l s  o f f  very r a p i d l y  
from t h e  shock f r o n t .  I f  e i t h e r  t h e  c r o s s  s e c t i o n  o r  t h e  
number d e n s i t y  is smal l ,  r a d i a t i o n  w i l l  propagate f u r t h e r  
from t h e  wave and t h e  ion d e n s i t y  p r o f i l e  w i l l  no t  be  a s  
s t eep .  These f e a t u r e s  may b e  compared wi th  t h e  experi-  
mental ly  obta ined  p r o f i l e s  t o  determine t h e  a p p l i c a b i l i t y  
o f  t h e  one-step photo ioniza t ion  theory.  
E . 3  Photoexci ta t ion  and Multi-Step Photoioniza%ion o f  Xenon 
So lu t ion  s f  t h e  complete equat ion  (E l )  ( inc lud ing  
i o n i z a t i o n  from an exc i t ed  s t a t e )  r e q u i r e s  knowledge s f  
t h e  d i s t r i b u t i o n  N, of e x c i t e d  s t a t e  atoms ahead sf t h e  
shock wave, which, i n  t u r n ,  e n t a i l s  so lv ing  equat ion  (E2), 
To eva lua te  t h e  pho toexc i t a t ion  r a t e  %, , t h e  emission 
spectrum of  xenon must be examined i n  more d e t a i l  (see 
f i g u r e  15  f o r  an energy-level diagram). 
I n  t h e  r a d i a t i o n  model, xenon w i l l  be  considered t o  
e x i s t  e i t h e r  i n  t h e  ground s t a t e  (5p6 ' s ~ )  i n  t h e  f i r s t  
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exc i t ed  s t a t e  (5p 6 s  3 ~ 1 )  , or i n  t h e  i o n i c  ground s t a t e  
(2~;,2 ) Bremsstrahlung and continuum r a d i a t i o n  from 
recombination ( t o  t h e  atomic ground s t a t e )  sf ions  and 
e l e c t r o n s  is s t r o n g  u l t r a v i o l e t  r a d i a t i o n  o f  s u f f i c i e n t  I 
energy ( see  f i g u r e  15) t o  photoionize ground s t a t e  atoms 
which a r e  considered i n  t h e  s e c t i o n  on one-step photo- 
i o n i z a t i o n  (Appendix E . 2 ) .  Hn a d d i t i o n ,  t h e  secondary 
continuum r a d i a t i o n  due  t o  recomfrination to an e x c i t e d  
s t a t e  ex t ends  from t h e  nea r  u l t r a v i o l e t  (3357 &) t o  h ighe r  
f r e q u e n c i e s .  
The l i n e  r a d i a t i o n  r equ i r ed  f o r  e x c i t a t i o n  o f  xenon 
atoms ahead of  t h e  shock comes from d e - e x c i t a t i o n  o f  t h e  
f irst  e x c i t e d  s t a t e  i n  t h e  shock-heated g a s .  Th i s  resonance 
r a d i a t i o n  is  r e a d i l y  absorbed i n  t h e  e q u i l i b r i u m  r e g i o n  o f  
t h e  shocked g a s ,  and r a d i a t i o n  o r i g i n a t i n g  a t  t h e  r e a r  of  
t h e  volume o f  t h e  h o t  gas  w i l l  be absorbed b e f o r e  p a s s i n g  
through t h e  e n t i r e  l e n g t h  o f  g a s ,  i . e . ,  t h e  r a d i a t i o n  
propaga t ing  i n t o  t h e  cold  g a s  w i l l  emanate from a  Payer sf  
pas c l o s e  t o  t h e  shock f r o n t ,  The re fo re ,  i n  t h e  f requency 
spectrum nea r  t h e  emiss ion Pine t h e  medium is o p t i c a l l y  
t h i c k ,  i . e . ,  blackbody r a d i a t i o n  may be  assumed i n  t h e  Pine 
emiss ion  r e g i o n .  
The co ld  g a s  w i l l  absorb t h e  r a d i a t i o n  i n  t h e  c o r e  of  
t h e  resonance l i n e  i n  a  ve ry  s h o r t  d i s t a n c e ,  Therefore  
r a d i a t i o n  i n  t h e  wings of t h e  Pine (due t o  broadening 
e f f e c t s  i n  t h e  h o t  g a s )  becomes sf major importance,  be- 
cause  it is t h i s  r a d i a t i o n  t h a t  may propaga te  s i g n i f i c a n t  
d i s t a n c e s  i n t o  t h e  p r e c u r s o r  r e g i o n ,  S ince  h i g h  v e l o c i t i e s  
exist  behind t h e  shock wave, t h e  c e n t e r s  o f  t h e  emiss ion 
l i n e  ( i n  t h e  h o t  g a s )  and t h e  a b s o r p t i o n  Pine ( i n  t h e  co ld  
g a s )  may s h i f t  i n  f requency r e l a t i v e  to each o t h e r  due t o  
Doppler e f f e c t .  Dobbins f i n d s  t h i s  e f f e c t  n e g l i g i b l e  f o r  
t h e  v e l o c i t i e s  cons idered  i n  argon.  S ince  t h e  v e l o c i t i e s  
i n  xenon a r e  approximately t h e  same (higher  Mach number 
range i n  t h e  p resen t  experiments is  due t o  t h e  lower 
sound speed i n  xenon),  t h e  Doppler s h i f t  w i l l  a l s o  b e  
neglec ted  here .  
The r a t e  of  pho toexc i t a t ion  of ground s t a t e  atoms is  
t h e  photon f l u x  mul t ip l i ed  by t h e  absorp t ion  c o e f f i c i e n t ,  
i n t e g r a t e d  over  t h e  frequency i n t e r v a l  sf t h e  emission 
where J V ( x )  is  t h e  average s p e c t r a l  i n t e n s i t y  a t  a po in t  
i n  t h e  cold gas  given by equat ion  (E5)  , which assumes 
blackbody r a d i a t i o n  i n  t h e  s p e c t r a l  r eg ion  sf  i n t e r e s t .  
is  t h e  absorpt ion  c o e f f i c i e n t  (neg lec t ing  re-emission Mv 
+ A  are  t h e  frequency l i m i t s  of  i n  t h e  cold  gas)  and veo- 
t h e  broadened resonance l i n e .  Kv a w i l l  be  c o n t r o l l e d  by 
t h e  broadening mechanisms i n  t h e  cold  gas  region .  I n  t h e  
co re  of t h e  absorpt ion  Pine, Doppler broadening (due t o  t h e  
thermal motion of t h e  atoms) predominates, and t h e  edges o f  
t h e  Pine a r e  c o n t r o l l e d  by resonance broadening due t o  
i n t e r a c t i o n s  of t h e  r a d i a t i n g  system wi th  n e u t r a l  xenon 
atoms. I f  t h e  p ressu re  of t h e  absorbing gas  is  n o t  t o o  
high,  t h e  form of t h e  absorpt ion  l i n e  w i l l  be  determined 
e n t i r e l y  by t h e  wings (see ,  f o r  example, r e fe rence  45). 
The absorp t ion  c o e f f i c i e n t  f o r  l i n e  r a d i a t i o n  i n  t h e  xenon 
gas  ahead of t h e  shock is 
2 a e f% @ = z  where AvR (Ref. 46) is  t h e  resonance 
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bread th  (semi-half width) f o r  Bow-pressure broadening 
inc luding  t h e  e f f e c t  of n a t u r a l  damping, and 
r e l a t i o n  ( f i s  the o s c i l l a t o r  s t r e n g t h ,  e t h e  e lec-  
t r o n i c  charge,  and m t h e  e l e c t r o n  mass). 
e 
Var ia t ion  of  impurity Bevels ( f o r  impurity l e v e l s  
Pess than 0.5%) produced no change i n  t h e  xenon ion d i s t r i -  
bu t ion  determined from t h e  mass spec t rometr ic  measurements. 
Thus, it is assumed t h a t  Van d e r  Waals broadening and l i n e  
s h i f t i n g  due t o  c o l l i s i o n s  wi th  fo re ign  gases  may b e  
neglec ted  i n  t h e  p resen t  c a l c u l a t i o n s .  
S u b s t i t u t i n g  t h e  appropr ia t e  express ions  i n t o  
equat ion (E7)  f o r  t h e  pho toexc i t a t ion  r a t e ,  
where B V ( ~ * O '  9 has  been removed from under t h e  
i n t e g r a l  due t o  i ts  r e l a t i v e l y  slow v a r i a t i o n  wi th  f r e -  
quency over t h e  l i m i t s  of t h e  i n t e g r a t i o n .  T @ = KV(9(+q V 
is  again t h e  s p e c t r a l  o p t i c a l  depth and 
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i s  t h e  t abu la ted  exponent ia l  i n t e g r a l .  With an appropr ia t e  
change of  i n t e g r a t i o n  v a r i a b l e  and by in terchanging  t h e  
o rde r  of i n t e g r a t i o n ,  Dobbins was a b l e  to i n t e g r a t e  t h e  
express ion ,  Making use  of h i s  r e s u l t s ,  t h e  r a t e  may be  
where t h e  expression involving q g ives  t h e  a t t e n u a t i o n  
due t o  geometry and absorpt ion  i n  t h e  cold  gas ,  
The s o l u t i o n  is  of t h e  form 
aD @ 
kx -kx 




however, us ing  t h e  cond i t ion  t h a t  << 1 , an approx- 
imate s o l u t i o n  v a l i d  except  i n  c l o s e  proximity t o  t h e  
shock is  
Using appropr ia t e  va lues  f o r  xenon and experimental  con- 
d i t i o n s  i n  t h e  shock tube  ( see  Table I), %he e x c i t e d  s t a t e  
xenon number d e n s i t y  ( a s  a func t ion  of d i s t a n c e  from t h e  
shock wave) may b e  determined. 
The remaining r a t e  i n  equat ion ( E l )  is Rei , 
w h i c h  involves t h e  c r o s s  s e c t i o n  f o r  pho.k;sionization sf 
an exc i t ed  atom f o r  photons of frequency v 2 vie 
Although r a d i a t i o n  of frequency v 2 V i *  inc ludes  
resonance Pine r a d i a t i o n  a t  v = V 
*o ' 
t h e  r a t i o  o f  
photo ioniza t ion  by resonance l i n e  r a d i a t i o n  t o  photoion- 
i z a t i o n  by t h e  secondary continuum w i l l  be  small  due t o  
t h e  magnitude of  t h e  c r o s s  s e c t i o n  a t  t h a t  frequency and 
due to the smal l  s p e c t r a l  i n t e r v a l  a t  t h e  resonance l i n e .  
The r a d i a t i o n  propagat ing i n  t h e  wings of  t h e  broad- 
ened emission l i n e  spectrum w i l l  be  absorbed and re-emitted 
i n  t h e  co re  of an emission l i n e .  This  " t h i n "  Pine secondary 
r a d i a t i o n  w i l l  have a much h igher  p r o b a b i l i t y  of be ing  
absorbed i n  a s h o r t e r  d i s t a n c e  than t h e  primary r a d i a t i o n .  
The e f f e c t i v e  l o s s  o f  t h i s  r a d i a t i o n  t o  t h e  w a l l s  of  t h e  
shock tube  a f t e r  repeated absorpt ions  and re-emissions 
w i l l  be  smal l  provided t h e  gas  d e n s i t y  is  high enough o r  
t h e  r a d i u s  of  t h e  shock tube is Barge enough. Hols t e in  
(Ref. 47) has  considered t h i s  r a d i a t i o n  " t rapping .  " The 
t r app ing  f a c t o r  g, g ives  t h e  p r o b a b i l i t y  s f  escape s f  
"imprisoned" photons i n  t h e  gas  f o r  a cyPindricaB geometry. 
Mult iplying by t h e  E i n s t e i n  spontaneous emission r a t e  A*o 
( i n v e r s e  of l i f e - t i m e  of e x c i t e d  s t a t e ) ,  t h e  product is 
t h e  e f f e c t i v e  de-exci ta t ion  r a t e ,  
where R is t h e  shock tube r a d i u s ,  fo* i s  t h e  o s c i l l a t o r  
s t r e n g t h ,  and g, . go a r e  t h e  s t a t i s t i c a l  weights of  the 
e x c i t e d  and ground s t a t e s ,  r e s p e c t i v e l y ,  
Equation (E2) may now b e  solved f o r  N, (x) , 
Therefore,  t h i s  source of r a d i a t i o n  w i l l  be  neglec ted .  
An eva lua t ion  must be made of  t h e  emission charac ter -  
i s t i c s  ( i n  t h e  appropr ia t e  frequency regime) of t h e  shocked 
gas.  Se l f -absorpt ion  i n  t h e  h o t  gas  w i l l  b e  almost 
n e g l i g i b l e  due t o  t h e  t ransparency (smal l  op t i eaP  depth)  
a t  f requencies  v v i *  (Xi* = 3357 A ) .  and absorpt ion  
i n  t h e  cold gas  w i l l  be  almost t o t a l l y  absent .  Thus, f o r  
t h e  secondary continuum, Kv '0 S = Kv 0 S << 1 and 
a << 1 and equat ion (E3) may be w r i t t e n  Kv x = KV 
E ;s, ( X I  = - an B~ 4n cos 0 
h L 
Since absorpt ion  i s  very small  i n  t h e  cold  gas ,  it 
w i l l  be  assumed t h a t  t h e  p r e c i s e  shock tube r a d i a t i o n  
model is dominated by t h e  inver se  square law a t t e n u a t i o n  
c h a r a c t e r i s t i c  sf r a d i a t i n g  sources ,  This  assumption is  
supported by DobbinsD more r igorous  t rea tment  wi th  argon. 
The average i n t e n s i t y  a t  a p o i n t  ahead of  t h e  r a d i a t i o n  
reg ion  wi th  l e n g t h p  d , is then  
A s  t h e  kemperature i n  t h e  shocked gas  is very high,  
t h e  popula t ion  o f  t h e  upper bound s t a t e s  is l a r g e  and t h e  
overlapping of  absorpt ion  cont inua is excessive.  I n  t h i s  
epl r eg ion  t h e  t o t a l  absorpt ion  c o e f f i c i e n t ,  KV , is given 
by a Kramers-Unsbld type equat ion  (Ref. 44) 
where e , k , h , c a r e  phys ica l  cons tan t s  and s ( v ,  T) 
is  a quantum-mechanical c o r r e c t i o n  f a c t o r .  
The absorp t ion  c r o s s  s e c t i o n  f o r  xenon e x c i t e d  t o  t h e  
t h  
n- Bevel, according t o  a Kramerss law formulation (see  
f o r  example, r e f e r e n c e  31) is given by 
where gf is t h e  Gaunt f a c t o r ,  which g ives  t he  quantum 
mechanical depar tu re  from %he hydrogenic approximation, 
and n i s  t h e  e f f e c t i v e  p r i n c i p a l  quantum number for the 
e x c i t e d  s t a t e .  Very r e c e n t l y  SchPdter (Ref. 27) has  
studied the va lues  o f  gf and 5 [v ,  T) f o r  xenon 
us ing  t h e  quantum d e f e c t  method. The temperatures  and 
f requencies  h e  cons iders  a r e  a p p l i c a b l e  t o  t h e  p resen t  
experimental  condi t ions .  Ex t rapo la t ing  h i s  curves f o r  
5 (V  ,T) a va lue  of gf may be found such t h a t  when s u b s t i -  
t u t e d  i n t o  equat ion  (E16) t h e  absorpt ion  c r o s s  s e c t i o n  
f o r  xenon e x c i t e d  to  t h e  f i r s t  s t a t e  is  
For h igher  f requencies ,  t h e  c r o s s  s e c t i o n  is  expressed 
(Ref. 44) 
2 
The absorp t ion  c o e f f i c i e n t  may b e  combined wi th  t h e  
Planck func t ion  i n  equat ion (E14) s o  t h a t  t h e  photo- 
i o n i z a t i o n  r a t e  expressed i n  equa t ion  (E13) becomes 
B 
S u b s t i t u t i n g  t h e  appropr ia t e  va lues ,  equat ion  ( ~ 1 )  may 
now be i n t e g r a t e d  t o  g ive  the t o t a l  ion  d e n s i t y  a s  a 
func t ion  of  d i s t a n c e  ahead of a s t r o n g  shock wave (see 
P a r t  I V )  . 
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TABLE 1 
TEST COEJDITIONS AND PARAMETERS 
FOR TYPICAL EXPERIMGNTS IN XENON 
(Refs. 23, 25, 26, 28, 29, 30) 
XENON Oxygen 
Low Pressure Hiqh Pressure Impurity 
P1 (torr) 0.120 0.500 0.0005 
ionization 
relaxation 
length LR(cm) 3 3 
photon mean 
free path 
loi(vOiI (cm) 4.3 1.0 1-3 x 10 4 
m/e = l31 Spectrometer Settings 
Spectrometer Draw-Out Voltage = 44 volts 
Magnetic Field = 4000 gauss 
Acceleration Potential = 9900 volts 
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Figure 5. Schematic Representation of a Mass Spectrum of 
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Figure 7 .  Probe Ion Current P r o f i l e s  Showing t h e  Effect of 
Var ia t ion  of  Impurity Levels 
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Figure  8. Probe Ion  Current  a t  a Dis tance  of  5 c m  
a s  a Funct ion o f  Equi l ibr ium Temperature 
behind t h e  Shock 
@ PI = 0.120 Torr Xenon 
T a PI = 0.500 Torr Xenon 
Distance in Front of Shock (cm) 
Figure 9. Comparison of Ion Nuniber Density Determined from 
Double Probe Currents  and Xenon I o n i c  Currents  
Obtained from Mass Spectrometr ic  Data f o r  Two 
D i f f e r e n t  I n i t i a l  Pressures  
I PI = 0.120 Torr Xenon 
I 0.4% i m ~ u r i t  es 
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Distance in Front of Shock (cm) 
Figure 10. Schematic of Probe-Measured Ion Density and 
Spectrometer-collected Ion Currents as a 
Function of Distance from the Shock Wave 
(LOW pressure) 
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Figure El. Schematic of Probe Measured Ion Density and 
Spectrometer-Collected Ion Currents as a 
Function of Distance from the Shock Wave 
(High Pressure) 
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0 N: Spectrometer 
e-4 One Step Photoionization 
Theory ( x = O )  
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Figure 12. Comparison of One-Step Photoionization Theory with Maximum Spectrometer 
Currents for Injection of Molecular Oxygen and Nitrogen in Pure Xenon 
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F igu re  13,  Spectrometer  BscilPograms Showing Decrease  
i n  Xenon Curren t  Due t o  Addi t ion  of Large 
Amounts of I m p u r i t i e s  
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F igu re  14. Argon I o n i c  Cur ren t  Co l l ec t ed  by t h e  
Spectrometer  
S e n s i t i v i t y :  % x PO -I2 amp/div 
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Figure 19. Profile Comparison between One-Step 
Photoionization Theory and Double Probe 
Data as a Function sf Temperature behind 
the Shock and Mach Number 
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Figulte 20, Schematic a#? Fprlezoetectric Detector" 
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Figure 21. Typical P i e z o e l e c t r i c  Crystal  
and Thin-Film Resistance Gauge 
Oscillograms 
Conditions: PI = 0 .120  t o r r  xenon 
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Figure 22, Typical Spectrometer Oecillogram~ Bhawing 
the  Method ~f Data Reduction 
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F i g u r e  23. Typ ica l  Double Probe Response 
Showing Loca l i zed  P e r t u r b a t  i o n  
Condi t ions :  PI = 0.160 t o r r  xenon 
Ms = 19  
Type D P r e a m p l i f i e r  
Type 555 QsciPPoscope 
F i g u r e  24. Double Probe Response Showing 
Loca l ized  Perturbation w i t h  
Fast-Rise-Time C i r c u i t r y  
Condi t ions :  Pl = 0.100 t o r r  xenon 
&Is = 19  
Type l0Al  P r e a n l p l i f i e r  
Type 647A O s c i l l o s c o p e  
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Figure  25.  Shock Tube and Assoc ia ted  Equipment 
Ground Reference 
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Figure  2 6 ,  D e t a i l  o f  Probe Perturbat ion Showing 
Modulations and High Frequency Components 
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Figure727, Comparison of Spectrometer Current Using 
Semi-Empirical Calibration and Probe 
Current Using Ion Resonance as Reference 
